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PREFACE 

Seven  years  in  the  making,  is  the  record  for  Practical  Elec- 
tricity. Some  of  the  material  was  written  during  the  years 
from  1910  to  1913  for  the  American  EUctrician^s  Handbook,  but 
it  developed  that  the  text  thus  prepared  was  not  suitable  for 
a  handbook.  Hence,  it  was  stored  away  temporarily  and  has 
been  incorporated  in  the  present  volume.  Since  June,  1916,  a 
very  considerable  portion  of  the  author's  time  and  effort  has 
been  devoted  to  this  work. 

Practical  Electricity  was  written  for  certain  definite  purposes. 
Primarily,  its  object  is  to  present  the  fundamental  facts  and  theo- 
ries relating  to  electricity  and  its  present-day  applications  in  a 
straight-forward,  easily-understood  way  for  study  by  any  man,  of 
little  mathematical  training,  who  desires  to  acquire  a  working 
knowledge  of  the  subject.  If  a  man  understands  arithmetic  he 
should  be  able  to  get  the  meat  out  of  this  book.  Secondarily,  the 
book  was  designed  for  university  graduates  who  desire  a  medium 
whereby  they  can,  with  minimiun  effort,  review,  refresh  and  re- 
construct in  line  with  modern  theory  and  practice  their  concepts 
of  electric  and  magnetic  phenomena.  While  it  has  not  been  found 
necessary  to  use  the  higher  mathematics,  the  statements  and  ex- 
planations are  technically  accurate. 

There  is  theory,  "practical  theory,"  in  the  book  because  one 
cannot  retain  and  cannot  effectively  apply  his  practical  infor- 
mation unless  he  understands  the  vital  principles  which  must, 
whether  he  knows  it  or  not,  underUe  such  information.  In  ex- 
plaining the  theories,  familiar  analogies  have  been  employed 
wherever  possible.  Much  expense  and  exertion  have  been  ex- 
pended in  preparing  the  illustrations.  In  so  far  as  feasible,  the 
pictures  have  been  so  made  as  to  tell  their  own  stories.  Num- 
erical examples  have  been  used  frequently,  because  it  is  only 
by  the  solution  of  concrete  problems  that  one  can  obtain  a  real 
appreciation  of  any  physical  subject. 
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Now  as  to  the  method  of  treatment:  Since,  as  is  explained 
in  the  opening  chapter,  electricity  is  the  stuff  of  which  everything 
around  us — matter — is  madcy  considerable  space  has  been 
devoted  to  explaining^  in  a  semi-popular  way,  the  relation  be- 
tween matter  and  electricity.  Experience  has  shown  that  if  the 
student  obtains  a  proper  conception  of  this  relation,  the  ideas 
associated  with  the  practical  applications  of  electricity  can  be 
grasped  much  more  easily. 

Also  the  modern  electron  theory  has  been  examined  and  has 
been  used  frequently  as  a  vehicle  whereby  explanations  of  things, 
which  ordinarily  appear  to  be  difficult  of  comprehension  by  the 
reader,  are  readily  understood.  After  this  question  of  what  elec- 
tricity is  has  been  covered,  each  of  the  succeeding  fifty-two 
sections  treats  of  some  important  sub-division  of  the  electric  or 
magnetic  phenomena.  Thus,  in  the  opening  sections,  the  basic 
ideas,  concepts  and  units  are  developed.  Then  magnetism,  elec- 
tro-magnetism, the  magnetic  circuits  and  their  uses  are  discussed. 
Wherever  desirable,  the  electron  theory  has  been  utilized  in 
explaining  these  things.  Following,  are  sections  treating  of  the 
development  of  the  electromotive  forces  by  the  different  methods 
and  after  this  material  comes  that  having  to  do  with  the  differ- 
ent forms  of  electromagnetic  induction  and  inductance.  Now 
the  reader  is  in  position  to  understand  direct-current  generators 
and  motors,  which  are,  therefore,  given  attention.  Finally  come 
the  sections  relating  to  alternating  currents  and  alternating- 
current  equipment,  both  single-phase  and  polyphase. 

In  arranging  the  sections  the  endeavor  has  been  to  have  their 
order  such  that  the  development  of  the  different  ideas  is  consecu- 
tive and  logical. 

It  is  the  intention  of  the  author. and  the  publisher  to  make 
this  work  a  permanent  thing.  That  is,  we  propose  to  revise  it 
as  frequently  as  conditions  permit  or  demand  and  to  enlarge  it 
as  becomes  necessary.  The  author  hopes  that  he  may  have  the 
cooperation  of  the  readers  in  working  out  these  revisions  and 
enlargements.  It  will  be  the  greatest  assistance  if  the  readers 
can  advise  the  author  of  (1)  typographical  errors,  (2)  things  which 
they  do  not  understand  that  are  now  in  the  book  for  which  the  ex- 
planations should  be  made  simpler ,  (3)  things  which  should  be  added 
to  the  book,  and  (4)  things  which  are  now  in  the  book  and  which 
should  be  eliminated.     All  suggestions  which  are  thus  received 
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will  be  carefully  preserved  and  will,  if  possible,  be  incorpo- 
rated when  the  future  editions  are  issued.  Where  the  volume 
is  used  as  a  text,  the  teacher  can,  if  he  so  desires,  afford  most 
effective  and  valuable  cooperation. 

Terrell  Croft. 
33  Amherst  Avenue,  UNrvERSiTT  City, 
Saint  Louis,  Missouri, 
September,  1917. 
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PRACTICAL  ELECTRICITY 

SECTION  1 
MATTER  AND  THE  ELECTRON  THEORY 

1.  Electricity  Is  the  Stuff  of  Which  Everything  Tangible  Is 
Madei  at  least  this  is  the  doctrine  which  is  now  generally  ao 
cepted.  That  is,  everything  that  we  see  and  feel  around  us  is 
made  up  of  minute  particles  or  corpuscles  of  negative  electricity 
which  have  been  named  "electrons;"  and  of  similarly-minute 
nuclei  of  positive  electricity.  These  are  described  in  detail 
further  on,  Art.  4.  All  experimental  evidence  is  in  favor  of  this 
^'electran  theory.^'  No  valid  arguments  have  been  raised  against 
it.  The  scientists  who  have  given  the  situation  the  most  search- 
ing study  now  regard  this  principle  as  the  correct  one.  Hence, 
to  obtain  an  understanding  of  the  conditions  affecting ,  and  the  prob- 
able  reasons  for  and  explanations  of,  electrical  phenomena  it  mil  be 
necessary  to  get  right  down  to  the  bottom  of  things  and  learn  something 
concerning  the  structure  of  ''matter*' — which  is  the  technical  name 
for  everything  that  is  tangible. 

2.  "Matter**  is  anything — except  the  "»ther,"  defined  below 
(Art.  35)  which  occupies  space.  Substances  are  diflferent  kinds  of 
matter.  Anything  which  has  weight  and  dimensions  is  matter. 
In  general,  the  existence  of  matter  may  be  detected  by  the 
senses — ^by  seeing,  feeling,  touching  and  smelling.  Some  kinds 
of  matter  are  invisible — for  example  pure  air,  illuminating  gas 
and  oxygen — but  since  they  occupy  space  and  have  weight 
they  are  matter. 

Examples  of  matter  are  shown  in  Fig.  1.  Other  familiar  examples:  Air, 
water,  butter,  a  book,  the  human  body,  a  building,  a  waste  basket,  a  copper 
wire,  a  newspaper,  a  locomotive,  a  fish,  a  suit  of  clothes,  are  all  made  up  of 
"matter,''  that  is,  they  are  matter. 

3.  The  Construction  of  Matter,  that  is,  how  it  is  made  up  or 
built,  is,  in  a  general  way,  now  fairly  well  imderstood.  It  is 
known  that  matter  is  not  a  continuous,  homogeneous  structure. 
On  the  contrary  it  is  composed  of  myriads  of  discrete — distinct 
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or  separate — material  particles  with  non-material  spaces  between 
them.  In  fact  it  is  now  generally  accepted  that  matter  is  made 
up  of  very  small  particles  called  molecules  (Art.  22).  There  are 
as  many  different  kinds  of  molecules  in  the  universe  as  there  are 


Fio.  1. — Some  familiar  examples  of  matter. 

different  kinds  of  substances — an  almost  limitless  number. 
These  molecules  are  made  up  of  smaller  particles  called  atoms 
(Art.  12).  Only  about  80  different  kinds  of  atoms  have  been 
discovered  but  experimental  evidence*  tends  to  indicate  that 

there  are  just  92  different  kinds  of 
atoms — no  more,  no  less.  Atoms 
are  made  up  of  the  very-much- 
smaller  electrons  (which  are, 
probably,  particles  of  negative 
electricity)  and  of  charges  of  posi- 
tive electricity.  There  is,  it  is 
believed,  only  one  kind  of  elec- 
tron— ^all  electrons  are  just  alike. 
The  distinction  between  these 
three  sorts  of  matter  constituents 
and  the  properties  of  each  will  be 
discussed  later. 
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Fig.  2. — Imaginary  picture  of 
molecules  of  water  enlarged  many 
thousand  times.  Each  molecule 
comprises  an  atom  of  hydrogen  and 
two  atoms  of  oxygen. 


Example. — A  drop  of  water  comprises  an  almost  inconceivably  great 
number  of  molecules  of  water  (Fig.  2).  The  attractive  force  which  is  called 
cohesion  binds  these  molecules  together.  Every  molecule  of  water  com- 
prises 2  atoms  of  hydrogen  gas  and  1  atom  of  oxygen  gas — which  are  held 
together  by  some  electrical  attractive  action  to  form  the  molecule.  Then 
each  of  the  atoms  is  composed  of  electrons  and  positive  electricity. 

•  Robert  8.  Millikan,  Radiation  and  Atomic  Structurk,  Seienctt  Apr.  6, 1917,  p.  322, 
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4.  An  Electron  is  a  minute,  but  very  active,  particle  or  cor- 
puscle of  negative  electricity — so  diminutive  that  it  is  very 
difficult  to  appreciate  how  infinitesimally  small  one  really  is. 
It  is,  possibly,  the  smallest  object  known  to  science.  Formerly 
it  was  thought  that  the  atom  was  the  smallest  indivisible  grain 
of  matter,  but  now  the  electron  holds  this  distinction.  However, 
it  is  hardly  accurate  to  state  that  an  electron  is  composed  of 
matter,  because,  as  suggested  above  and  as  will  be  shown,  matter 
is,  probably,  made  up  of  electrons. 

4A.  The  Distinguishing  Property  of  Electrons  is  that  They 
Tend  to  Repel  One  Another  with  Relatively  Enormous  Forces 
and  will  thus  repel  each  other  unless  restrained  by  some  counter 
force.  Electrons  always  separate  as  far  as  possible  away  from 
one  another  unless  there  is  some  restraining  force  preventing  such 
separation.    The   two  important   things   to   remember  about 
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Fio.  3. — How  displaced  electrons  cause  electrostatic  attraction. 

electrons  are,   then:   (1)   They  are  almost  inconceivably  small. 
(2)  They  tend  to  exert  powerful  repelling  forces  on  one  another. 

Note. — Practically  all  electrical  phenomena  can  be  satisfactorily  ex- 
plained on  the  basis  of  the  electron  theory.  It  can  be  shown  that  it  is  prob- 
able that  an  excess  of  electrons  at  rest  on  the  goblet  of  Fig.  3,//,  causes 
the  goblet,  after  being  rubbed  with  the  silk  handkerchief  "to  attract" 
the  wad  of  cotton.  Try  this  experiment  yourself.  Furthermore  it  is 
believed  that  a  flow  or  continuous  movement  of  electrons  within  a  conductor 
constitutes  an  electric  current  (Art.  36C)  whereby  all  of  the  remarkable 
phenomena  depicted  in  Fig.  4  may  be  produced. 

Note. — The  electrons  "locked  up"  in  normal  atoms  cannot  exert  these 
great  repelling  forces  because,  in  a  normal  atom,  the  repelling  effect  due  to 
the  negative  electricity  of  the  electrons  is  exactly  neutralized  by  the  positive 
electricity  of  the  nucleus  of  the  atom. 

6.  All  Electrons  Are  Alike,  so  it  is  believed;  that  is,  all  are  of 
the  same  size,  have  the  same  mass  (weight)  and  embody  the 
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same  quantity  of  electricity.    They  have  been  derived   from 

many  different  kinds  of  matter  (from  many  different  substances^, 

but  in  every  case  their  properties  have  been  found  to  be  identical. 

6.  The  Methods  of  Deriving  or  Isolating  Electrons  cannot  be 

described  in  detail  here.     Nor- 
^  mally,  in  matter  of  most  kinds, 
some  of  the  electrons  are  held, 
bound  in  the  atoms  which  they 
compose,  by  powerful  restrain- 
ing forces  due  to  the  attractive 
effect  of  the  "positive"  nucleus 
of  the  atom,  which  will  be  con- 
sidered later.     Also,  there  are,  so 
it  is  believed,  electrons  in  some 
J  atoms,  which  can  be  separated 
2)  from  their  atoms  with  compara- 
'^  tive  ease.    However,  there  are 
V  \  ^r  i  \  ;|i,  I      B  methods  of  neutralizing  or  over- 

f  f^      X        1  .    ^      ^  coming  the  restraining    forces. 

^  *^'        ^t       J  1  This  having  been  done,  the  elec- 

-g  trons  will  shoot  away  from  their 
-  atoms  like  "bullets  out  of  a  ma- 
chine gun,"  except  that  the  elec- 
trons travel  at  far  greater  veloci- 
ties.    Such  streams — torrents — 
of  electrons  are   called   cathode 
rays.    The  behavior  and  proper- 
2  ties  of  electrons  may  be  deter- 
a  mined  by  experimentally  study- 
M  ing  these  streams. 

Examples. — Electrons  are  thus  pro- 
I  jected  from  many  objects — ^particu- 
larly from  some  of  the  metals — when 
ultra-violet  light  rays  are  permitted 
T  to  impinge  on  the  object  or  if  it  is 
g  heated  to  incandescence.  If  a  glass 
tube,  from  which  the  air  has  been 
almost  exhausted,  be  arranged  as 
shown  in  Fig.  5,  and  a  high  voltage  from  an  induction  coil  or  other  source  be 
impressed  across  DE,  with  the  polarities  as  shown,  a  stream  of  electrons 
(cathode  rays)  will  be  projected  from  the  cathode  C  as  indicated  in  the  dia- 
gram. Electrons  are  shot  off  spontaneously  by  certain  kinds  of  matter, 
which  are  termed  radioactive  substances. 
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7.  The  Size  or  "Diameter''  of  an  Electron  is  such  a  small  quan- 
tity that  it  is  difficult  to  designate  it  in  a  way  which  will  be  under- 
stood.   The  diameter  of  an  electron  is  about  (2  X  10"")*  a  five 

miUion,  millionth  of  a  centimeter  (5^000,000,000,000  ^"'•)  ^^ 
about  a  thirteen  milUon,  millionth  of  an  inch  (i o  7qq  000  000  000 
in.).  An  electron  is  about  100,000  times  smaller  in  volume  than 
the  average  atom. 

Example. — As  outlined  below,  a  molecule  is  such  a  small  thing  that  one 
can  not  be  detected  even  with  the  most  sensitive  microscope.  However,  if  a 
drop  of  water  were  magnified  to  100,000  times  the  size  of  the  earth  its  mole- 
cules would  be  about  100  times  the  sice 

of  the  earth,  its  atoms  would  be  about  gtepa*^  Arf/o/jtcMwm.  Mbotktmft} 

the  size  of  the  earth  and  its  electrons     ^^C9fh!!»Ro^r''^T^^^^S^ 
would  be  about  the  size  of  baseballs.         tr—i-v.Vr^rl^ilnr^^ 

8.  The  Mass  or  Weight  of  an  >        '*^'    ^T^^ 
Electron  is  also  so  minute  that  ^'^iSSJr^'SS  w 
it  is  difficult  to  comprehend.    The  W 
mass  of  an  electron  is,  so  experi-  j /iy>»it%j-) 
mental  evidence  indicates,  about  ^^ 

[0.61  X  10"*^  grams*  =  0.61  X  ^°-  6.-<Jathode  rays  in  a  partial 
/«  ««-         -^   — V  1  *     .  vacuum. 

(0.035  X  10-2^)   oz.]  =  a     forty- 
six,    billion,  billion,  billionth  of  an  ounce  = 

\46, 100,000,000,000,000,000,000,000,000  ^^7 ' 
An  electron  weighs  only  about  one  seventeen  hundredth  L  ^^^j 

as  much  as  does  an  atom  of  hydrogen. 

9.  The  Forces  of  Repulsion  Which  Electrons  Tend  to  Exert 
Between  One  Another  Are  Relatively  Enormous. — It  has  been 
estimatedf  that  any  pair  of  electrons  placed  at  a  distance  of  ap- 
proximately %  in.  (1  cm.)  from  one  another  in  a  vacuum  repel 
each  other  with  a  force  of  1.16  X  10""^*  dynes.  This  is  approxi- 
mately equivalent  to  a  million,  million,  million  milUonth  of  a 
pound.  Though  this  sounds  Uke  a  small  force  it  is  simply  pro- 
digious— considering  the  exceedingly  minute  size  of  the  electron 
— as  is  indicated  in  the  following  example. 

Example 4 — Assume  that  it  would  be  possible  to  collect  about  Koo  oz. 

*  Founuer,  Thb  Elxctron  Theobt,  p.  23. 

{Fourxiier,  Thb  Elsctbon  Thkobt,  p.  29. 
Foumier,  Thb  Eudctbon  Tbsobt,  p.  24. 
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(2  grams)  of  pure  electrons  and  to  form  them  into  two  equal  spheres,  each 
weighing  1  gram,  Fig.  6.  Then,  if  these  two  spheres  of  electrons  were  held 
about  %  in.  (1  cm.)  apart,  as  diagrammed  in  the  picture,  they  would  repel 
each  other  with  a  force  of  three  hundred  and  twenty  million,  miUlDn,  million, 
million  tons,  that  is  with  a  force  of  320,000,000,000,000,000,000,000,000  tons 
(31.4  X  10"  dynes). 

10.  The  Quantity  of  Electricity  of  an  Electron  has  been  quite 
accurately  determined.  The  coulomb  (Art.  122)  is  the  com- 
monly used  unit  of  quantity  or  amount  of  electricity,  just  as  the 
gallon  is  the  commonly  used  unit  of  quantity  or  amount  of 

/  22  \ 
liquids.     One    electron   of  electricity*    is  equal  to  l"j7«o)   ~ 

455,000,000,000,000,000  °^  *  ^^<>^^-    That  is,  1  coulomb  of 

electricity  contains  approximately  five  milUon,  million,  million 

•^    electrons. 

^■•'"JTSSim  ^p       11.  The  Amount  of   Electricity— 

^   .  ^^  That  Is  the  Number  of  Electrons — ^in 

(Aimtj  M  ^g  Universe  Is  Constant  and  Unvaiy- 

Fio.  6  -To  illustrate  the  repui-  ing.— Electricity,  then,  can  be  neither 

sive  force  between  electrons.  ^  •"       ,       -r^i 

created  nor  destroyed.  Electrons  can, 
as  is  shown  later  (Art.  102),  be  set  in  motion  and  caused  to  move 
from  one  location  to  another,  thus  producing  what  are  known  as 
electric  phenomena.  But  electricity — electrons — can  be  neither 
made  nor  eradicated. 

Note. — It  is  therefore  evident  that  electricity — electrons — can  not  be 
'* secured,"  "produced"  or  "generated,"  in  spite  of  the  fact  that  the  term 
"generation  of  electricity"  is  frequently  used.  When  the  statement  is 
made  that  "electricity  is  generated  by  a  battery  or  dynamo"  what  is  really 
meant  is  that  the  battery  or  dynamo  forces  some  of  this  electricity — elec- 
trons— ^which  is  already  in  existence,  to  move.  A  battery  or  dynamo  does 
not  generate  electricity  in  the  wires  connected  to  it  any  more  than  a  pump, 
which  is  impelling  a  stream  of  water  in  a  pipe,  generates  the  water. 

12.  An  Atom  is  the  smallest  particle  into  which  matter  can  be 
divided  by  chemical  separation — it  is  the  chemist's  unit  of  matter. 
Until  about  the  beginning  of  the  present  century  the  atom  was 
the  most  minute  bit  of  matter  known  to  science.  It  was  then 
considered  the  ultimate  indivisible  unit  of  matter  But  now  it 
is,  as  previously  intimated,  reasonably  well  estabUshed  that 
atoms  are  made  up  of  the  very  much  smaller  electrons. 

13.  How  Atoms  Are  Built  up  from  Electrons  is — ^if  the  gener- 
ally accepted  conception  is  correct — ^illustrated  in  an  approximate 

*  Fleming,  Thb  Electronic  Thbobt  of  ELBCTRtcrrr. 
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diagrammatic  way  in  Figs.  7  and  8.  The  positive  nucleus  is 
not  shown  in  these  pictures.  It  should  be  understood  that 
these  illustrations  are  merely  quaUtative  diagrams  because, 
as  detailed  below,  an  electron  is  many  thousand  times  smaller 
than  the  atom  of  which  it  forms  a  part.    It  would  be  impossible 


Fig.  7.- 


a-Atom  Corttodning  51  tlectrons 

-Illustrating  diagrammatically  the  probable  construction  of  an  atom. 


to  draw  to  scale  an  atom  with  its  constituent  electrons.  It  is 
believed  that  an  atom  is  similar  in  a  way  to  an  ''ultra-minute'' 
solar  system.  An  atom,  very  likely,  comprises  from  one  to  a 
number  of  electrons  which  are  interlocked  and  revolving  at  in- 


fltctron^, 

Bounolary 
of  Atom 

1  - 1  Electron 


"-Electrons" 
V- 39  Electron* 
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1-  4  Oectrons 


71-51  Electrons 


^^->:*i\ 
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1-23  Electrons 


^ 


YH-W  Electrons 


TS^  35  Electrons 


ini-64  Electrons 


Fio.  8. — Diagram  indicating  some  groupings  (which  may  be  possible)  of  elec 

trons  into  atoms. 


conceivably  great  speeds  in  regular,  circular  orbits  around  the 
positive  nucleus — ^in  somewhat  the  same  manner  as  that  in 
which  the  eight  satellites  of  the  planet  Saturn  (Fig.  9)  rotate 
around  in  their  orbits.  Thus  it  is  apparent  that  energy  (Art. 
169)  is  associated  with  and  locked  up  in  every  atom. 
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Note.* — An  atom  consists  of  a  nucleus  charged  with  positive  electricity 
around  which  revolve  in  fixt  orbits  negative  electrons,  as  planets  about 
a  central  sun.  There  are  exactly  ninety-two  chemical  elements,  and  the 
essential  difference  between  them  is  in  the  electrical  charge  of 'the  nucleus 
(which  differs  alwasrs  by  the  same  amount  from  one  element  to  the  next  in 
the  series)  and  in  the  number  of  electrons  which  revolve  about  the  nucleus. 
Hydrogen,  the  lightest  element,  has  only  one  electrical  element  in  its  nucleus, 
and  uranium,  the  heaviest,  has  ninety-two.  The  orbits  draw  nearer  to 
the  nucleus,  as  it  is  heavier  and  more  powerful,  but  they  always  remain  at 
the  same  distances  for  the  same  substance.  When  an  atom  radiates  light 
or  heat  an  electron  jumps  from  one  orbit  to  the  next,  so  that  radiation  is  a 
series  of  little  explosions  and  not  a  continuous  process.  Of  this  surprisingly 
complicated  atom,  Professor  Millikan  says  that  it  is  really  much  simpler 
than  physicists  have  for  years  been  expecting.    They  have  long  known  that 


Japetus  .--—■»' — 


'T. 


Fig.  9. — ^The  planet  Saturn  and  its  satellites. 


atoms  were  not  simple,  but  they  had  no  means  of  ascertaining  in  what  way 
and  to  what  extent  their  structure  was  complex. 

Note. — It  is  essential  that  the  reader  understand  that  electrons  are  not 
packed  solidly  in  their  atoms.  An  atom  is,  in  a  general  way,  as  much  larger 
than  an  electron  as  the  auditorium  of  a  good>sized  church  or  theatre  is 
larger  than  the  head  of  a  pin.  Olive  Lodge f  says:  "Electrons  occupy  the 
otherwise  empty  region  of  space  which  we  call  the  atom  in  the  same  sense 
that  a  few  scattered  but  armed  soldiers  can  occupy  a  territory — occupying  it 
by  forceful  activity,  not  by  bodily  bulk." 

14.  The  Reason  Why  Its  Electrons  Tend  to  Stay  Within  an 
Atom  may  be  explained  thus:  Under  normal  conditions,  the  elec- 
trons are  maintained  within  their  atoms — ^in  their  orbits — ^by 
the  attractive  force  of  the  positive  nucleus.  Thus  it  is  assumed 
that  in  every  atom  there  must  be  a  positively  charged  "nucleus." 

*  Robert  S.  Millikan.  Radiation  and  A.tomio  Stbuctitrb,  Science,  Apr.  S,  1017. 

t  MODESN  ViBWB  OF  MaTTSB,  p.  11. 


Sbc.  1]  MATTER  AND  THE  ELECTRON  THEORY  9 

The  positive  charge  of  the  nucleus  just  equals,  hence  neutralizes 
the  total  of  the  negative  charges  of  the  electrons  composing  the 
normal  atom.  Therefore  every  atom,  which  has  its  normal — 
usual — complement  of  electrons,  exhibits  no  indication  of  electri- 
fication. The  positive  and  negative  electricities  in  it  neutralize 
one  another. 

It  is  believed  that  the  "positive"  nucleus  can  not  be  removed 
from  an  atom.  So  far  as  is  known  no  positively  charged  nucleus 
has  ever  been  isolated.  Electrons  have  been  separated — ^isolated 
— ^from  atoms  hundreds  of  times  and  by  many  different  methods. 
The  nucleus  may  be  thought  of  as  a  charge  of  positive  electricity 
concentrated  at  a  point,  at  the  center  of  the  atom,  aroimd  which 
the  electrons — restrained  in  their  orbits  by  it — ^revolve. 

By  the  application  of  suitable  electric  or  other  forces  it  is  possi- 
ble to  detach  electrons  from  atoms.  As  above  suggested  an 
atom  with  its  normal  complement  of  electrons  does  not  exhibit 
any  evidence  of  external  electrification  because  any  such  tendency 
is  "counterbalanced"  by  a  neutralizing  agency,  often  referred  to 
as  a  "positive  nucleus,"  the  exact  nature  of  which  is  not 
understood. 

16.  Electrons  Form  Themselves  into  Different  Kinds  of  Atoms. 
— About  eighty  (80)  different  sorts  of  "elements"  or  atoms  have 
thus  far  been  discovered  but  it  is  believed  that  there  are  ninety  two 
(92).  It  is  believed  that  the  different  kinds  of  atoms  vary  only 
in  the  number  and  in  the  arrangement  of  the  electrons  which 
comprise  them — ^there  is  only  one  kind  of  electron — ^and  in  the 
charge  on  the  positive  nucleus.  Thus  the  difference  between 
an  atom  of  carbon  and  one  of  copper  is  due  principally  to  a 
difference  in  the  nimiber  and  in  the  arrangement  of  the  constit- 
uent electrons.  Each  of  the  92  different  elements  has,  probably, 
atoms  of  different  sizes  and  weights  and  each  of  the  92  has  its 
own,  pronounced,  and  distinguishing  properties  or  character- 
istics. In  Figs.  7  and  8  are  diagrammed,  enormously  enlarged, 
but  not  to  scale,  arrangements  that  may  represent  the  constitu- 
tions of  some  of  the  different  sorts  of  atoms. 

Examples  of  some  of  the  different  elements  are  iron,  carbon/ copper,  hydro- 
gen, chlorine,  zinc,  tungsten  and  oxygen.  A  lump  of  pure  iron  is  built  up 
wholly  of  iron  atoms;  a  volume  of  hydrogen  is  built  up  wholly  of  hydrogen 
atoms,  etc. 

16.  The  Number  of  Electrons  in  an  Atom  Varies  with  the  Kind 
of  Atom,  as  does  also  the  value  of  the  positive  charge  of  its 


10  PRACTICAL  ELECTRICITY  [Art.  17 

nucleus,  that  is,  the  heavier  atoms  or  elements  comprise  many 
more  electrons  than  do  the  Ughter  ones.  In  fact  it  is  probable 
that  the  number  of  electrons  in  an  element  is  proportional  to 
the  number  representing  the  atomic  weight  of  the  element.  It 
follows  that  some  kinds  of  atoms  or  elements  are  heavier  than 
others.  But  in  every  ounce  (or  gram)  of  every  kind  of  matter 
there  is  about  the  same  number  of  electrons,  there  being  likely 
(6  X  10"  per  gram)*  about  seventeen  million,  million,  million, 
million,  that  is,  16,800,000,000,000,000,000,000,000  electrons  in 
every  ounce  of  every  kind  of  matter. 

Example,  t — Thus,  the  atomic  weight  of  hydrogen,  the  lightest  known 
element,  is  about  1,  and  it  is  probable  that  there  is  but  1  rotating  electron 
in  an  atom  of  hydrogen.  Vanadium,  which  is  about  51  times  heavier  than 
hydrogen  has  an  atomic  weight  of  about  51  and  likely  contains  23  electrons. 
Zinc  with  an  atomic  weight  of  65.37  probably  contains  30  electrons. 

NoTE.t — "The  number  of  negative  electrons  in  an  atom  is  equal  to  about 
half  the  atomic  weight  of  the  atom.  The  atoms  are  built  up  one  from  the 
other  by  the  successive  addition  of  one  and  the  same  electron  to  the  nucleus." 

17.  The  Size  of  an  Atom  can  be  best  appreciated  by  the  con- 
sideration of  analogies.  While  it  is  true  that  an  atom  is  a  very, 
very  small  fragment  of  matter  it  is  super-gigantic  as  compared 
with  the  size  of  its  constituent  electrons.  Lodge  states**  that: 
"If  an  electron  is  represented  by  a  sphere  an  inch  in  diameter, 
the  diameter  of  an  atom  on  the  same  scale  is  a  mile  and  a  half. 
The  spaces  between  the  electrons  are  enormous  as  compared 
with  their  size — as  great  relatively  as  are  the  spaces  between  the 
planets  in  the  solar  system.  An  average  atom  is  about  a  thou- 
sand millionth  of  an  inch  in  diameter,  that  is  it  has  a  diameter  of 

about  1  QQQ  QQo  QQQ  i^.^tt    Compare  this  with  the  diameter  of 

an  electron  as  given  above  and  note  that  the  atom  is  about  a 
thousand  times  larger  in  diameter  than  an  electron.  The  92 
different  atoms  of  the  92  different  elements  are  probably  all  of 
somewhat  but  of  not  widely  different  diameters,  but  little  is  now 
known  as  to  their  relative  sizes. 

18.  Atoms  in  Matter  Are  Always  on  the  Move — they  are  oscil- 
lating and  quivering  constantly.  And  they  cannot — even  in  a 
good  vacuum — ^travel  far  without  bumping  into  neighboring 

*  Crchore,  Phil.  Mao. 

t  Comstock  and  Troland,  The  Natube  of  Matteb  and  Elbctbicitt. 

t  Robert  S.  MilUkan,  Radiation  and  Atomic  Stbuctdre,  Science,  Apr.  6,  1917. 
••  Lodge,  MoDEBN  ViBWB  of  Mattbb.  pp.  7  and  9. 
ft  Lodge,  MoDEBU  Views  of  Elbctbicitt,  p.  429. 
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atoms.  It  has  been  estimated'"  that  in  the  ordinary  air  every 
atom  collides  with  another  about  six  thousand  million  times 
per  second  (6,000,000,000  times  per  sec).  An  atom  can  not 
move  through  even  the  minutest  distance  without  colliding 
with  another.  It  should  be  understood  that  the  distances 
between  atoms  may  be  equal  to  many  times  the  diameter  of 
an  atom  yet  such  a  distance  is,  strictly  speaking,  exceedingly 
small. 

19.  It  Has  Not  Been  Definitely  Established  That  Atoms  Are 
Spherical  in  Shape,  although  they  are  probably  approximately 
spherical.  This  form  is  usually  assumed  to  facilitate  explana- 
tion and  computation. 

20.  The  Phenomena  Which  We  Call  Light  Is,  There  Is  Reason 
to  Believe,  Produced  by  Electrons  as  They  Move  in  Their 
Atoms. — This  doctrine  is  accepted  as  the  correct  one  by  those 
who  are  in  the  best  position  to  judge.  As  the  electrons  shift 
from  one  orbit  to  the  next  at  prodigious  speeds  they  produce 
vibrations  or  waves  in  the  sether  (see  following  paragraph  for 
(Bther).  These  sether  waves  constitute  what  is  known  as  light. 
If  the  aether  waves  are  of  low  frequency  they  are  then  known 
as  radiant  heat.  The  different  colors  are  produced  by  sether 
waves  of  different  frequencies,  that  is  by  waves  which. have  dif- 
ferent rates  of  vibration.  This  situation  is  explained  at  some 
length  in  the  author's  Practical  Electric  Illumination. 

21.  Atoms  of  Matter  May  Combine  to  Form  Molecules. — ^A 
molecule  may,  as  indicated  in  the  following  example,  comprise 
1,  2  or  more  atoms  of  the  same  kind  or  it  may  comprise  2  or  more 
atoms  of  different  kinds.  In  any  event,  it  is  beUeved  that  when 
atoms  combine  or  arrange  themselves  into  an  aggregation  or 
group  of  atoms,  which  we  call  a  molecule,  the  unbalanced  electric 
forces  of  the  constituent  atoms  of  the  group  are  so  neutralized  by 
the  electromagnetic  interaction  of  the  member  atoms  that  the 
group  or  molecule  becomes,  usually,  a  relatively  stable  arrange- 
ment. It  should  be  understood  that  the  member  atoms  of  the 
molecule  do  not  probably,  normally,  touch  each  other.  They 
are  separated  but  are  held  in  their  positions  in  the  group  by  the 
forces  just  referred  to. 

Example. — Thua  two  atoms  of  hydrogen  (H)  will  combine  to  form  a 
molecule  (Fig.  10)  of  hydrogen,  Hi.  Two  atoms  of  oxygen  (O)  may  com- 
bine to  form  a  molecule  of  oxygen,  Oi.  Other  examples  are  given  immedi- 
ately following  the  succeeding  paragraph. 

*  Lodge,  MoDKBN  ViBWS  OF  Elxctrzcitt,  p.  429. 
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22.  A  Molectile  is  the  smallest  portion  of  any  substance  which 
can  not  be  subdivided  further  without  its  properties  being  de- 
stroyed. It  is  the  smallest  complete  and  normal  unit  of  any  sub- 
stance. A  molecule  is  an  aggregation  of  atoms  which  are  bound 
together  into  one  group  by  some  kind  of  an  electric  attraction. 
The  number  of  atoms  in  a  molecule  varies  with  the  substance. 
In  a  molecule  of  common  salt  there  are  2  atoms;  in  a  molecule 
of  alum  there  are  about  100  atoms  and  in  a  molecule  of  albumin 
(the  white  of  an  egg)  there  are  about  1,000  atoms.  As  previously 
suggested  different  kinds  and  combinations  of  atoms  can  be  ar- 
ranged in  an  endless  variety  of  ways  to  form  different  substances 
— different  kinds  of  matter.  There  are  in  the  universe  as  many 
different  kinds  of  molecules  as  there  are  different  kinds'  of  sub- 
stances. All  are  made  up  from  about  92  different  kinds  of  atoms 
or  "elements" — and  from  one  kind  of  electron.  Although  it  is 
usually  assumed,  in  making  computations,  that  molecules  are 
spherical  it  is  known  that  such  is  not  the  case.* 

Example. — An  atom  of  the  gas  chlorine  and  an  atom  of  the  semi-plastic 
metal  sodium  may  unite  and  produce  a  molecule  of  common  salt.  An  atom 
of  oxygen,  a  gas,  and  2  atoms  of  hydrogen,  a  gas,  unite  and  the  result  is  a  mole- 
cule of  water  (Fig.  2).  The  diagrams  of  Fig.  2  should  not  be  taken  too 
literally  because  it  is  not  probable  that  molecules  are  actually  built  up  as 
there  shown.  However,  this  picture  will  enable  one  to  form  a  general  idea 
of  the  situation. 

23.  The  Holding  Power  of  an  Atom  Is  Called  Its  Valency. — 

That  is,  valence  is  that  property  of  any  element  by  virtue  of 
which  one  of  its  atoms  can  hold  in  combination,  to  form  a  mole- 
cule, a  certain  definite  number  of  other  atoms. '  Atoms  of  different 
kinds  have  the  power  of  holding  in  combination  different  num- 
bers of  atoms.  An  element,  an  atom  of  which  can  never  hold 
more  than  1  other  atom  in  combination,  is  called  a  univalent  ele- 
ment and  its  atoms  may  be  called  unit  atoms.  An  element,  an 
atom  of  which  can  hold  in  combination  2  unit  atoms  is  a  bivalent 
element.  One  that  can  hold  3  is  trivalent.  One  that  can  hold 
4  is  qiuulrivalent — and  so  on.  While  most  elements  have  valen- 
cies of  one  of  the  four  classes  just  recited,  there  are  certain  other 
of  the  elements  which  can  hold  as  many  as  7  unit  atoms  in 
combination. 

Examples. — Hydrogen  (H)  is  univalent  as  is  also  chlorine  (CI),  thus  an 
atom  of  hydrogen  w^ill  combine  with  an  atom  of  chlorine  and  form  a  molecule 
•  Enc.  Brit.,  Vol.  XVIII.  p.  656. 
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of  hydrochloric  acid,  HCl.  Oxygen  (O)  is  bivalent,  hence  2  atoms  of  hydro- 
gen combine  with  1  of  oxygen  to  form  1  molecule  of  water,  HfO  (Fig.  2). 
Sodium  (Na)  is  univalent,  hence  an  atom  of  sodium  and  an  atom  of  chlorine 
(Q)  will  combine  to  form  a  molecule  of  common  salt,  NaCl.  Silver  is  uni- 
valent, zinc  is  bivalent  and  copper  is  bivalent,  gold  is  trivalent. 

24.  A  Single  Molecule  May  Be  Made  up  of  Many  Different 
Kinds  of  Atoms. — Remember  that  there  are  only  92  different 
kinds  of  atoms  or  elements.  The  chemical  properties  of  sub- 
stances are  determined  by  the  kind,  number  and  arrangement  of 
the  atoms  which  compose  the  molecules  of  the  substance. 

Example. — A  molecule  of  water  consists  of  2  atoms  of  hydrogen  and 
1  atom  of  oxygen. 

25.  The  Size  of  a  Molecule'"  can  best  be  appreciated  by  the 
consideration  of  a  specific  case.  If  a  grain  of  common  table  salt 
(sodium  chloride,  NaCl),  be  cut  with  a  very  sharp  knife  into  the 
smallest  fragments  that  one  can  see,  every  one  of  these  fragments 
will  still  be  salt.  If,  by  using  a  delicate  cutting  instrument  and 
a  microscope,  one  of  these  fragments  be  further  divided,  it  might 
be  cut  into  minute  particles  about  a  hundred  thousandth  inch 

(inonno  ^^V  ^^  diameter.    This  is  about  the  smallest  particle 

that  would  be  visible  through  the  microscope — and  it  would  still 
be  salt.  Now  if  one  of  these  minute  particles  of  salt  was  again 
cut  up  into  a  hundred  equal  spheres,  then  each  sphere  would  be 
a  molecule  of  salt  or  at  least  about  the  size  of  one.    That  is  a 


\10,000,C 


molecule  of  salt  is  about  a  ten  millionth  of  an  inch ,  ^  ^  ^^^  ^^^ 

in.)  in  diameter.  Then  if  this  salt  molecule  were  further  divided, 
the  resulting  portions  would  no  longer  be  salt  but  would  be  an 
atom  of  the  metal  sodium  or  an  atom  of  the  gas  chlorine  which 
are  the  chemical  constituents  of  salt.  Obviously  neither  sodium 
or  chlorine  have  the  properties  of  salt.  Consider  this:  If  with 
some  powerful  instrument  a  drop  of  water  could  be  magnified  to 
the  size  of  the  earth,  then  the  molecules  of  water  would  appear 
to  be  about  the  size  of  a  baseball. 

Examples  Indicating  th£  Minuteness  of  Molecitles. — Odors,  scents 
and  smells  are  due  to  some  sort  of  action  by  molecules  on  the  nerves  in  our 
nostrils.  It  ia  evident  that  these  molecules  must  be  very  small  since  they 
can  not  be  seen  either  with  the  naked  eye  or  with  a  microscope.  The  dis- 
tance between  molecules  of  water*  is  between  the  two  thousand  millionth 

*  Fleminci  Elbctbokic  Tbxobt  op  Elbctjucxtt,  p.  5. 
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and  the  ten  thousand  millionth  of  an  inch  (between  oqqqqqoqqq  *^'  ^^'^ 

10  000  000  000  ^'^'    '^®  average  diameters  in  inches  of  the  molecules  of 

some  of  the  gases  are:* 

Hydrogen  2.03  X  10-»  cm.  =0.798  X  10-«  in.  = 

Carbon 

monoxide  2.85  X  lO^'  cm.  =  1.14  X  lO"*  in.  = 

Nitrogen  2.92  X  lO"'  cm.  =  1.15  X  lO"*  in.  = 

Air  2.83  X  lO"'  cm.  =  1.12  X  lO"*  in.  = 

Oxygen      2.70  X  lO"*  cm.  =  1.06  X  lO"'  in.  = 

Carbon 

dioxide      3.33  X  lO"'  cm.  =  1.31  X  10-»  in.  = 


100,000,000       125,000,000 

1.14 1_ 

100,000,000  "  87,720,000* 

1.15 1 

100,000,000  "  86,900,000' 

1.12 1 

100,000,000       89,000,000' 

1.06 1 

100,000,000  "  94,300,000* 

1.31  1 

100,000,000  "  76,300,000* 

The  number  of  molecules  in  a  cubic  inch  of  air  f  at  ordinary  temperatures 
and  pressures  is  between  sixteen  million  billion  and  sixteen  thousand  million 
billion  (that  is  between  16  X  10"  and  16  X  10«  or  16,000,000,000,000,000,- 
000  and  16,000,000,000,000,000,000,000).  The  number  of  molecules  in  a 
cubic  inch  of  hydrogen  is  at  freezing  temperature  and  ordinary-atmospheric- 
pressure  about  three  hundred  and  twenty  million  million  million  (that 
is  32  X  10"  or  320,000,000,000,000,000,000).  To  appreciate  the  meaning  of 
this  enormous  number  it  should  be  realized  that  if  all  the  molecules  in  a  cubic 
inch  of  air  were  placed  side  by  side  in  a  row,  small  as  each  one  is,  the  row 
would  extend  nearly  twice  the  distance  from  the  earth  to  the  sun. 

With  a  very  delicate  measuring  instrument,  a  variation  in  length  of  one- 
millionth  (i  000  000  ^')  ^^^^  ^^^^  ^  *  metal  bar  may  be  detected.  In  this 
short  length  about  100  molecules  could  be  placed  in  a  row  close  together. 
With  a  good  microscope  about  the  smallest  object  that  can  be  seen  is  one 
having  a  diameter  of  a  hundred  thousandth  of  an  inch.  In  a  small  box  this 
size,  sixteen  million  (16,000,000)  molecules  can  be  packed  dose  together. 
The  smallest  weight  (or  strictly  speaking,  mass)  which  can  be  weighed  on  a 
very  good  chemical  balance  is  one-hundredth  of  a  milligram.  A  million 
million  (1,000,000,000,000)  molecules  of  hydrogen  would  therefore  be  just 
detectable  on  such  a  balance. 

26.  The  Molecular  Structure  of  Matter  is  such  that  no  two  mole- 
cules are  in  permanent  contact  with  one  another.  An  incon- 
ceivably small  space  separates  each  molecule  from  its  neighbors. 
Every  molecule  is,  at  ordinary  temperatures,  quivering  and  os- 
cillating to  and  fro — many  million  times  a  second — in  its  small, 
restricted  space  between  its  fellows.  It  bounds  and  rebounds 
back  and  forth  between  them.    If  a  body  is  warmed,  its  mole- 

•  Enc.  Brit.,  Vol.  XVIII.  p.  656. 
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Gules  vibrate  more  actively.  They  pound  harder  on  the  adjacent 
molecules  and  thereby  push  them  away.  This  makes  the  body 
become  larger  as  it  is  warmed.  Thus  the  expansion  of  things  as 
they  are  heated,  may  be  explained. 
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Fig.  10.  Fia.  11. 

Fio.  10. — Imaginary,  greatly-enlarged  view  of  molecules  of  a  gas,  such  as 
oxygen,  wherein  two  atoms  compose  a  molecule. 

Fio.  11. — ^The  atoms  of  a  solid  in  which  the  arrangement  is  regular.  (Prob- 
ably, in  some  solid  materials,  the  atoms  are  arranged  higgledy-piggledy  as  in  Fig. 
12,/,  while  in  other  substances  the  arrangement  is,  it  is  likely,  regular,  as  shown 
above.) 

27.  There  Are  Three  States  of  Matter:  (1)  Solid,  (2)  liquid, 
(3)  gaseous.  In  soUds,*  the  motion  of  each  molecule  is  like  that 
of  a  man  in  a  dense  crowd  (Figs.  11  and  12,/)  where  it  is  almost 
or  quite  impossible  for  him  to  leave  the  space  he  occupies  between 
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Fio.  12. — Imaginary  microscopic  views  of  portions  of  a  solid  and  a  liquid  a  "few 
hundred  millionths  of  an  inch  wide." 


his  neighbors;  yet  he  may  turn  around  and  have  some  motion 
from  side  to  side.  In  solids  the  molecules  make  only  very  small 
excursions  from  their  average  positions.  In  liquids  (Mg.  12,//) 
the  motion  of  the  molecules  is  like  that  of  men  moving  on  a 

*  Gage,  Elbmsnts  of  Pbybics,  p.  19. 
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crowded  thoroughfare.     In  gases  (Fig.  10)  the  molecules  are 
thought  to  be  in  motion  like  gnats  in  the  air. 

In  solids  the  attractive  force  between  molecules  is  very  great; 
it  requires  considerable  pressure  to  alter  the  shape  of  solids.  In 
liquids  the  attraction  between  molecules  is  relatively  small — the 
cohesive  force  is  almost  lost;  hence  liquids  will  assume  the  shape 
of  any  vessel  into  which  they  are  poured.  In  a  gas  there  is  prac- 
tically no  attraction  between  molecules — the  cohesive  force  is 
almost  entirely  absent;  they  are  bounding  and  traveling  around 
endeavoring  to  knock  one  another  apart.  Hence  force  is  re- 
quired to  keep  the  molecules  of  a  gas  from  separating  entirely 
and  wandering  around  every  which  way.     It  is  probable  that 
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Fio.  13. — Three  states  of  matter  and  using  water  as  an  example. 


the  state  (solid,  liquid  or  gaseous)  of  any  kind  of  matter  is 
determined  by  its  temperature  and  the  pressure  to  which  it  is 
subjected. 

Example. — Water  molecules  (Fig.  13)  may  exist  in:  (a)  A  solid  state,  ice, 
Fig.  14;  (6)  a  liquid  state,  water,  Fig.  2;  (c)  a  gaseous  state,  steam.  Fig.  15. 
Water  can  be  changed  from  any  one  of  these  three  states  to  the  other  by 
heating  or  cooling  it  as  the  case  may  be.  Zinc  (Fig.  16)  we  ordinarily  see 
in  its  solid  state;  by  heating  it  is  changed  into  its  liquid  state  and  heating  it 
still  further  vaporizes  it.  All  liquids  (except  possibly  alcohol)  have  been 
solidified — frozen — ^by  applying  low  temperatures  and  high  pressures.  Every 
liquid  has  been  changed  into  a  gas — ^volatilized.  Every  gas  has  been  both 
liquefied  and  solidified.  Sandstone,  diamonds  and  quartz  can  be  liquefied — 
melted — and  vaporized  by  the  intense  heat  of  the  electric  arc. 

It  follows  that  any  solid  element  is  merely  the  "frozen"  or 
congealed  state  of  that  kind  of  element.  Any  liquid  is  the  melted 
state  of  that  kind  of  element.    Any  gas  is  the  vaporized  state  of 
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that  kind  of  element.  Note  then  that  in  the  change  of  matter 
from  one  state  to  another,  the  molecules  themselves  are  not 
changed,  it  is  merely  the  spacings  between  and  the  spaces  occu- 
pied by  the  molecules  in  their  vibrations  and  wanderings  that 


Fio.  14. — loe  molecules,  an  imagi- 
naiy  view  greatly  enlarged.  Each 
molecule  is  shown  as  being  composed 
of  an  atom  of  hydrogen  and  2  ohms 
of  oxygen. 


Fio.  15. — Greatly  enlarged  inag- 
inary  view  of  molecules  of  steam 
(water  vapor). 


have  been  changed.  The  molecules  remain  intact  as  do  the 
atoms  composing  the  molecules  and  the  electrons  composing  the 
atoms. 


I- Solid  I-Liauid  X-OaMou« 

Fio.  16. — Zinc  in  the  solid,  liquid  and  gaseous  states. 

28.  Equal  Volumes  of  All  Gaseous  Substances  Contain  the 
Same  Number  of  Molecules  under  the  same  conditions  of  tem- 
perature and  pressure.  This  is  Avogadro's  law.  It  constitutes 
one  of  the  most  important  phy^cal  concepts  by  means  of  which 
many  physical  and  chemicsJ  phenomena  can  be  explained. 
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29.  When  a  Substance  Expands,  the  Distances  between  Its 
Molecules  Increases;  when  it  contracts,  the  distances  between 
its  molecules  decrease — the  molecules  themselves  do  not  change 
in  size.  This  might  be  inferred  from  the  statement  in  a  preceding 
paragraph.  Fig.  17  illustrates  this  truth  in  a  diagrammatic  way. 
The  molecules  of  a  compressed  gas  are  relatively  close  together, 
as  in  /.  If  the  gas  is  permitted  to  expand,  its  molecules  will  be 
further  apart  as  in  //.  There  is  precisely  the  same  number  of 
"molecules"  in  diagram  /  as  in  diagram  //.     Similarly,  the 

molecules  of  a  substance  are 
somewhat  closer  together  when 
the  substance  is  cold  than  they 
are  when  it  is  heated. 

90.  The  Difference  between 
an  Atom  and  a  Molecule,  it 
being  first  understood  that  a 
molecule  is  made  up  of  atoms, 
may  be  explained  thus:  It  has 
been  stated  that  the  molecule  is 
the  physicist's  unit  of  matter  or 
the  structural  unit  of  physics 
while  the  atom  is  the  chemist's 
unit.  The  meaning  of  this  is 
that  during  any  ordinary  phys- 
ical change  such  as  evaporation, 
heating,  cooUng,  expansion,  con- 
traction and  the  like  the  con- 
stitution of  the  molecule  is  not 
affected.  In  fact  these  phenom- 
ena are  due  to  changes  in  the 
positions  or  relations  of  the  molecules.  On  the  other  hand,  when 
chemical  phenomena  occur,  the  molecule  is  broken  up  into  its 
constituent  atoms  and  new  molecules  are  formed.  No  division 
of  an  atom  occxu^  during  any  ordinary  physical  or  chemical 
change.  But  atoms  can,  as  elsewhere  suggested,  be  partially 
broken  up  into  electrons  by  the  application  of  certain  methods. 

Note. — In  an  "element"  all  the  atoms  are  alike.  In  a  "  compound  "  all  the 
molecules  are  alike.     In  a  "mixture"  there  are  different  kinds  of  molecules. 

Example.* — If  two  forms  of  matter,  namely,  two  kinds  of  sand,  black  and 
white,  are  mixed  together,  each  keeping  its  individual  properties  unchanged, 

*  Rowland  &  Ames,  Phtsics, 


Fio.  17. — How  the  distance  between 
molecules  of  a  gas  increases  if  the  gas 
is  permitted  to  expand. 
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BO  that  it  IB  possible  to  separate  them  again,  the  change  is  called  a  physical 
one.  Whereas,  if,  as  the  result  of  bringing  two  things  together,  namely,  a 
piece  of  coal  and  the  oxygen  of  the  air  (this  occurs  when  coal  bums),  the 
properties  of  each  are  lost  and  an  entirely  new  substance  appears,  it  is  called 
a  chemical  change. 

31.  A  Chemical  Change,  then,  is  really  nothing  more  than  a 
transfer  or  change  in  grouping  of  atoms.  Old  groupings  (mole- 
cules) are  disrupted  and  new  groupings  (molecules)  are  formed. 
In  chemical  changes  neither  the  atoms  themselves  nor  the  elec- 
trons composing  them  are  altered  in  any  way.  For  example,  the 
aggregation  of  electrons  whirling  around  a  positive  nucleus, 
which  we  call  an  atom  of  copper,  remains,  during  a  chemical 
change  always  an  atom  of  copper.  However,  certain  atoms  do 
sometimes  lose  electrons  as  described  in  the  following  paragraph. 

32.  The  Atoms  of  "Radio-active''  Substances  Are  Continually 
Shootmg  off  Electrons. — The  reason  for  this  is,  so  it  is  believed, 
that  the  arrangement  of  the  electrons  in  these  radio-active 
atoms  is  an  unstable  one.  Hence — since  the  general  properties  of 
a  substance  are  determined  by  the  number  and  grouping  of  the 
electrons  which  compose  its  atoms — the  properties  of  these  sub- 
stances are  gradually  changing — ^though  very  slowly — as  the 
niunber  of  electrons  composing  them  decreases.  Thus,  due  to 
electron  emanations,  one  kind  of  radio-active  element  may  change 
spontaneously  into  another  kind  of  element. 

33.  Furthermore,  Atoms  of  Any  Substance  May  Lose  an  Elec- 
tron— or  possibly  a  few  electrons — by  the  electrons  being  brushed 
or  rubbed  off  by  main  force  or  friction.  Or  atoms  may  be 
caused  to  give  up  electrons  by  virtue  of  some  properly  directed 
electric  agency.  However,  in  practically  all  such  cases,  the 
total  number  of  electrons  rubbed  oflf  or  pushed  off  by  such 
forces — ^frictional  or  electric — ^is  an  exceedingly  small  propor- 
tion of  the  total  number  of  electrons  in  the  substance,  probably 
only  one  electron  in  a  million  millions  of  them.  It  is  such  a 
small  proportion  that  no  change  in  the  appearance,  constitu- 
tion or  weight,  of  the  substance  as  a  whole,  is  detectable  even 
by  the  application  of  the  most  delicate  and  refined  methods  and 
measurements.  But  because  of  the  enormous  repulsive  forces 
of  free  electrons  (Art.  9),  a  relatively  few  electrons  in  excess  or 
in  deficit  on  a  substance  can  account  for  many  of  the  wonderful 
electrical  phenomena  which  are  constantly  being  observed  and 
which  are  difficult  of  explanation  on  any  other  basis. 


20 


PRACTICAL  ELECTRICITY 


[Art.  34 


34.  How  Matter  Is,  Possibly,  Built  up  from  Electrons,  Atoms 
and  Molecules  is  suggested  in  Fig.  18.  The  spheres  represent 
the  centers  of  atoms.  The  lines  connecting  the  atoms  are  merely 
imaginary  lines  to  indicate  that  the  atoms  are  disposed,  in  the 
substances  shown,  in  regular  geometric  arrangements.  There 
are  no  such  lines  connecting  the  atoms  of  actual  matter.  By 
making  certain  measiu-ements  on  crystals  with  X-ray  beams 
gifted  scientists  (the  Braggs  and  Mosley)  have  been  able  to  de- 
termine that,  in  crystals  of  the  substances  indicated,  the  atoms 
are  actually  located  as  diagrammed  in  the  illustration.  Crystalline 
substances  have  doubtless  a  relatively  simple  or  regular  struc- 
ture. Probably  the  structiu-es  of  a  compound  substance  like 
wood  or  cloth  would  be  much  more  complicated  than  those  illus- 
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Fio.  18. — Arrangement  of  atoms  in  two  kinds  of  crystals.  (The  lines  con- 
necting the  different  atoms  are  shown  merely  to  render  the  illustration  plainer; 
in  actual  matter  there  are,  of  course,  no  such  lines  connecting  the  atoms. 

trated  in  Fig.  18.  Each  pah*  of  dissimilar  atoms  in  Fig.  18  con- 
stitute a  molecule.  The  atoms  are  held  in  the  relation  indicated 
by  virtue  of  the  balanced  electromagnetic  interactions  between 
them. 

35.  The  JEther  (sometimes  spelled  "ether,"  not  to  be  confused 
with  the  anesthetic,  an  entirely  different  thing)  is  the  invisible 
stuff  which  is  assumed  to  fill  the  voids  in  space  between  the  elec- 
trons and  positive  nuclei  which  compose  matter.  It  may  be 
that  it  also  fills  the  space  occupied  by  the  electrons  themselves 
and  hence  is  absolutely  continuous  without  voids  or  gaps!  All 
space — ^the  entire  universe — ^is,  it  is  assumed,  permeated  by  this 
medium  "sether."  It  has  been  called  ^Hhe  alUpervading  cether." 
It  exists  in  those  portions  of  space  which  are  apparently  empty. 
It  is  probably  at  rest — stationary.    Very  Uttle  is  definitely  known 
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about  sether  except  that  it — or  something  equivalent — exists. 
How  it  is  known  that  it  exists  is  outlined  in  the  example  following. 
36.  JEther  Is  Not  Matter  because  matter  is  made  up  of  elec- 
trons and  nuclei  atoms  and  molecules.  It  is  known  that  the 
aether  offers  no  resistance  to  things  passing  through  it — ^in  this 
sense  it  is  frictionless — because  the  earth  on  which  we  live  is 
whirling  through  it  at  an  enormous  speed  without  the  people  on 
the  earth  being  aware  of  its  (the  sether's)  existence.  On  the 
other  hand,  in  certain  respects  sether  appears  to  be  similar  to  a 
semi-rigid,  jelly-like  substance.  The  aether  is,  so  it  is  believed, 
the  vehicle  whereby  light  is  transmitted  and  heat  is  radiated  and 
it  is  also  an  important  factor  in  certain  electrical  and  magnetic 


Fio.  19. — ^Light  beam — aether  waves — passing  through  a  partial  vacuum  in  the 

glass  chamber. 

phenomena.    iEther  is  susceptible  to  the  effects  of  certain  stresses 
and  strains  and  in  this  particular  is  similar  to  ordinary  matter. 

Note. — "Strain"  and  "Stress"  are  two  words  which  have  certain  definite 
meanings  in  technical  parlance:  A  strain  is  an  alteration  in  form,  size  or 
volume  due  to  the  application  of  a  stress.  A  stress  vs  the  force,  pressure  or 
other  agency  which  produces  the  strain. 

Example. — If  the  air  is,  in  so  far  as  possible,  exhausted  from  a  glass  vessel. 
Fig.  19,  a  beam  of  light  will  then  pass  through  the  vessel  as  well  as  or  even 
better  than  it  would  with  air  in  the  vessel.  There  must  be  something  besides 
the  few  remaining  molecules  of  air  in  this  apparently  empty  vessel  to  trans- 
mit the  light  waves.  There  is;  that  something  may  be  called  sether.  Heat 
can  be  radiated  through  an  almost  perfect  vacuum  as  in  Fig.  20.  The  aether, 
which  is  made  to  vibrate,  is,  it  is  assumed,  the  medium  whereby  the 
heat  waves  are  radiated  through  the  practically  "empty"  space.  The  sim 
warms  an  object — in  a  hot  house  for  example — on  which  its  rajrs  fall  on  a 
cold  day  without  warming  the  intervening  air.  This  is  because  the  sun's 
heat  is  transmitted  by  radiation  through  the  sether  between  it  and  the  earth. 
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When  light  falls  on  the  vanes  of  a  radiometer  (Fig.  21),  which  operate  in  a 
partial  vacuum,  they  rotate  by  virtue  of  energy  which  is  transmitted  to  them 
through  the  aether.  If  a  thermometer  in  a  bottle  (Fig.  22)  from  which  the 
air  has  been  exhausted  is  brought  near  a  cake  of  ice  its  mercury  will  fall.  This 
indicates  that  energy  has  been  transferred  from  the  mercury  to  the  atmos- 
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Fio.  20. — Heat  being  radiated  through  a  partial  vacuum  by  »ther  waves. 

phere  outside  of  the  bottle  through  the  medium  of  the  sether.  Our  eyes  are 
sensitive  to  the  sether  vibrations  which  are  called  light  as  is  explained  in 
detail  in  the  author's  Practical  Electric  Illxtmination. 

36A.  Ions  and  Ionization. — Every  normal  atom  comprises  a 
certain  number  of  electrons  in  combination  with  suflScient  posi- 


modiofki. 


Fig.  21. — The  radiometer. 


Fio.  22. — Energy  being  transferred  from 
mercury  in  thermometer  bulb  to  the  out- 
side atmosphere. 


tive  electricity  to  just  neutralize  the  negative  effect  of  the  elec- 
trons. Normally,  atoms  exhibit  no  unusual  electrical  proper- 
ties because  the  positive  electricity  in  them  neutraUzes  the  nega- 
tive. But  if  an  atom  has  an  electron  too  many  or  an  electron  too 
few,  then  it  does  exhibit  unusual  electrical  properties,  which  can 
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be  detected  by  the  electrostatic  attractive  and  repulsive  effects 
(Fig.  22A)  thereby  produced,  and  the  atom  is  then  said  to  be 
ionized.  Thus*  when  an  electron  is  taken  from  or  added  to  a  pre- 
viously-neutral atom  or  molecule,  the  charged  particle  which  is  thi^ 
formed  i^  called  an  ion.  The  process  is  that  of  ionization.  In 
other  words,  an  ion  is  what  is  left  after  an  electron  has  been 
knocked  from  a  neutral  atom  or  molecule.  Or  an  ion  is  what 
then  exists,  after  an  electron  is  added  to  a  previously-neutral 
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Fio.  22A. — Illustrating  the  differences,  and  the  attractive  and  repulsive 
forces,  between  atoms  and  positive  and  negative  ions.  (It  should  be  understood 
that  the  above  are  merely  diagrams  and  are  not  intended  to  show  the  actual 
construction  of  atoms.     This  illustration  adapted  from  Comstock  and  Troland.) 

atom  or  molecule.  If  an  electron  is  knocked  from  a  normal 
atom,  the  atom  then  becomes  a  positive  ion  (sometimes  called 
a  kation).  If  an  electron  is  added  to  a  normal  atom,  that  atom 
then  becomes  a  negative  ion  (sometimes  called  an  anion). 

36B.  Positive  and  Negative  Electrification. — When  there  is  an 
excess  of  electrons  associated  with  a  thing  it  then  acquires  cer- 
tain remarkable  properties  and  is  said  to  be  negatively  charged 
or  electrified.    When  a  thing  has  associated  with  it  less  than  the 

*  Thb  Natitre  or  Mattsb  and  Electricitt,  Comstock  and  Troland,  D.  Van  Notirand 
Co.,  New  York  City. 
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normal  number  of  electrons,  it  has  certain  other  properties  and  is 
said  to  be  positively  charged  or  electrified. 

ExAMPLB. — If  a  glass  rod  (see  Fig.  3)  is  rubbed  with  a  piece  of  silk,  the 
rod  becomes  "electrified"  and  will  attract  Ught-weight  objects  such  as 
pith  balls  or  bits  of  paper.  The  explanation  is  that  rubbing  the  rod  with  the 
cloth  knocked  some  of  the  constituent  electrons  from  the  rod.  There  is, 
then,  a  deficit  (less  than  the  normal  number)  of  electrons  associated  with 
the  rod,  and  the  pith  balls  are  attracted  to  it  because  any  object  having  a 
deficit  of  electrons  will  attract  an  object  which  has  its  normal  complement  of 
electrons.  Electric  attractions  and  repulsions  are  always  such  that  they 
tend  to  restore  an  electrical  balance,  see  Fig.  22A. 

Thus,  if  a  thing  has  an  excess  of  electrons,  it  will  repel  any  other  thing 
which  has  an  excess  of  electrons.  Or  if  one  thing  has  an  excess  of  electrons 
and  another  a  deficit,  they  will  attract  one  another — tend  to  restore  the 
electrical  balance.  If  one  thing  has  an  excess  of  electrons  and  another 
thing  its  normal  number,  they  wiU  attract  one  another.  And,  if  a  thing  has 
a  deficit  of  electrons  and  another  its  normal  number,  they  will  attract  one 
another. 

36C.  Electron  currents  always  Flow  from  the  Negative  Pole  to 
the  Positive,  in  spite  of  the  fact  that  it  is  usually  assumed  that 
electric  currents  flow  from  positive  to  negative.  This  unfortunate 
state  of  affairs  is  due  to  the  fact  that  the  pioneer  electrical  ex- 
perimenters before  the  nature  of  electricity,  as  we  understand 
it  now,  was  appreciated,  arbitrarily  named  an  electrification 
involving  a  deficit  of  electrons  a  positive  electrification.  How- 
ever, this  apparent  diflSculty  works  no  real  harm  inasmuch  as 
in  practical  work  we  will  continue  to  assume  that  what  we 
call  an  electric  current  flows  from  positive  to  negative,  whereas 
we  actually  know  that  the  current  which  does  flow  (the  elec- 
tron current)  moves  from  what  we  call  negative,  to  positive. 

37.  To  Summarize  the  Present-day  Ideas  as  to  the  Construc- 
tion of  Matter. — Matter  is  made  up  of  molecules,  which  are  in 
turn  composed  of  atoms.  Atoms  are  groups  of  electrons  in 
stable  orbital  motion  around  a  common  center  of  mass.  Elec- 
trons are  particles  or  corpuscles  of  electricity. 


SECTION  2 
MAGNETISM 

38.  Magnetism. — We  do  not  know  precisely  what  magnetism 
is.  But  we  do  know  how  to  produce  and  control  it.  Magnetism 
and  electricity  are  not  the  same  things  by  any  means.  They 
are  closely  related  as  a  study  of  the  following  pages  will  prove. 

39.  The  Nature  of  Magnetism  (see  Art.  68)  is  not  thoroughly 
understood.  It  may  be  a  stream  or  current  of  something  through 
the  £Bther,  somewhat  similar  to  a  displacement  current  (Art.  105) 
of  electricity  in  a  conductor — though  it  is  not  likely  that  this  is 
the  real  explanation.  On  the  other  hand,  it  is  altogether  prob- 
able that  magnetism  is  a  phenomenon  which  occurs  whenever 
electrons  (Art.  4)  are  set  into  rotation.  In  any  case,  it  is  known 
that  the  phenomenon  of  magnetism  is  always  accompanied  by  a 
certain  kind  of  stress  in  the  »ther — or  by  what  is  equivalent  to 
such  a  stress. 

S9A.  The  Electron  Theory  of  Magnetism  is  explained  in  a 
general  way  in  Art.  218A,  in  the  Electromagnetism  Section  of 
this  book.  To  imderstand  this  theory,  one  must  first  under- 
stand electromagnetism. 

40.  A  Magnet  is  a  body  having  that  remarkable  property  of 
polarity  and  of  aUradion  and  repulsion  foimd  in  nature  in  the 
lodestone.  Every  magnet,  (except  the  ring  magnet  (Art.  62), 
has  at  least  two  opposite  (positive  and  negative)  poles  (Art.  46). 

41.  Classes  of  Magnets. — Magnets  may  be  divided  into  three 
classes:  (1)  Natural  magnets  (Art.  43)  of  lodestone  which  are 
pieces  of  magnetic  oxide  of  iron;  (2)  permanent  mragnets  (Art.  80) 
which  are  bars  of  hardened  steel  which  have  been  permanently 
magnetized;  and  (3)  electromagnets  (Art.  218)  which  are  soft  iron 
bars,  wound  round  with  a  coil  of  insulated  wire.  When  elec- 
tricity flows  through  the  coil  the  bar  is  magnetized  and  when  the 
flow  ceases  the  bar  loses  its  magnetism. 

42.  The  Importance  of  a  Thorough  Understanding  of  Mag- 
netism can  scarcely  be  overestimated.  The  principles  involved 
are  applied  in  nearly  all  electrical  apparatus — ^from  the  simplest 
electric  bell  to  the  largest  electric  generator. 
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43.  The  Lodestone.  Natural  Magnets. — An  iron  ore,  now 
called  magnetite,  was  discovered  centuries  ago  near  Magnesia,  in 
Asia  Minor.  It  was  found  that  some  of  it  had  the  wonderful 
property  of  attracting  iron  (Fig.  23,/).  It  was  also  found  that 
if  a  piece  was  suspended  by  a  thread  (Fig.  23,//),  a  certain 
one  of  its  ends  alwajrs  pointed  north  and  the  other  soiUh,    Thus 
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Fio.  23. — ^Lodestone  magnets. 

arranged  it  constituted  a  compass  (Art.  60).  Ships  were  then 
navigated  by  using  suspended  pieces  of  lodestone,  which  means 
"leading-stone."  The  stones  were  called,  from  the  name  of  the 
town,  magnets  and  their  property  was  termed  magnetism. 
Magnetite  is  also  found,  among  other  places,  in  the  State  of 
Arkansas,  in  Sweden  and  in  Spain. 

44.  Artificial  Magnets. — If  a 
darning  needle  or  other  piece  of 
steel  (Fig.  24,/)  be  stroked  with  a 
piece  of  lodestone  and  then  dipped 
into  iron  filings,  the  fiUngs  will 
cling  to  the  ends  of  the  needle  in 
tufts.  Obviously  the  needle  is 
now  also  a  magnet.  A  second 
needle  stroked  with  the  first  will 
become  a  magnet  too.  Thus  artifi- 
cial magnets  can  be  prepared,  but 
it  can  be  done  most  effectively  by 
electromagnetism  (Art.  204). 
46.  Magnetic  and  Non-magnetic  Substances. — A  magnetic 
substance  is  one  that  is  forcibly  attracted  by  a  magnet — or  cap- 
able of  being  temporarily  magnetized.  A  magnetizable  substance  is 
one  that  will  retain  magnetism  and  there  are  only  a  few:  steel, 
lodestone,  nickel  and  impure  iron.     Very  few  substances  are 


Fio.  24. — Piece  of  steel  darning 
needle  (which  has  been  magne- 
tized)  attracting  iron  filings. 
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pronouncedly  magnetic  and  most  of  these  are  not  magnetisable. 
Iron  and  steel  are  decidedly  magnetic.  Pure,  soft  iron  is  not 
magnetizable;  a  piece  of  it  will  be  attracted  by  a  magnet  equally 
well  at  any  point.  It  has  no  poles  (Art.  46).  Steel  is  very 
magnetizable — ^hard  steel  more  so  than  soft — and  ordinary  com- 
mercial iron,  which  is  always  impiire,  and  nickel  are  so  to  a  cer- 
tain extent.  Iron  and  steel  are  the  only  substances  used  in 
practice  where  magnetic  properties 
are  necessary.  Nickel  and  cobalt 
are  noticeably  magnetic  as  are  also 
certain  alloys  of  all  of  the  previ- 
ously mentioned  metals,  ssJts  of 
iron  and  of  other  metals,  paper, 
porcelain,  and  oxygen.  It  is  be- 
lieved that  all  substances  are  mag- 
netic to  a  certain  degree. 

46.  Poles  of  a  Magnet — If   a  Fia.    25.— Magnet    attracting  iron 

oar  magnet  is  rolled  in  iron  filings  '^'*' 

they  will  cling  in  clusters  or  tufts  to  its  ends  (Figs.  25  and  26,7). 
There  will  be  few  or  no  filings  near  the  center  of  the  bar.  Ob- 
viously, the  attractive  property  of  the  magnet  is  concentrated 
near  its  ends.  Those  portions  of  a  magnet  where  the  attractive 
power  is  greatest  are  called  its  poles.  The  poles  of  a  horseshoe 
magnet  are  shown  in  Fig.  26,//.  A  line  joining  the  poles  is 
called  the  magnetic  axis.     The  equator  is  a  line  through  the  zone 
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Fio.  26. — Showing  poles  ^of  a  magnet. 

of  no  attraction,  at  right  angles  to  the  axis.     Poles  are  formed 
only  where  lines  of  force  (Art.  48)  leave  or  enter  a  magnet. 

47.  Like  Poles  Repel  and  Unlike  Poles  Attract;  this  can  be 
shown  as  suggested  in  Fig.  27  or  in  numerous  other  ways.  If 
any  two  magnets — either  natural  or  artificial — are  used  instead 
of  the  two  shown  in  the  illustration,  the  action  will  be  the  same. 
This  truth  can  be  nicely  demonstrated  with  a  magnetized  needle 
on  a  floating  cork  like  that  of  Fig.  28,/. 


28 


PRACTICAL  ELECTRICITY 


[Abt.  48 


48.  North  and  South  Poles. — If  an  unmagnetized  darning 
needle  be  laid  on  a  cork  floating  on  water  (Fig.  28,7)  and  then 
be  successively  pushed  around  with  the  finger  and  allowed  to 
come  to  rest,  it  will,  in  each  case,  assume  no  particular  final  posi- 
tion in  preference  to  others.    Now,  if  the  needle  be  magnetized 


I- Unlike  Poles  Attract  ,ll-  Like  Poles  Repel 

Fio.  27. — Magnetic  attraction  and  repulsion. 

by  stroking  it  with  a  magnet,  it  will  always  come  to  rest  in  the 
same  position,  pointing  almost  dup  north  and  south.  Further- 
more, if  the  needle  end  that  points  north  be  marked  by  tying  a 
thread  aroimd  it,  it  will  be  found  that  this  end  always  points  to 
the  north.     The  north-pointing  end  of  this  needle  magnet  is 
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Fio.  28. — The  compass. 

called  its  north  pole  or  north-peeking  pole.  The  other  end  is  its 
south  or  south-peeking  pole.  Obviously,  the  magnet  on  the  cork 
constitutes  a  compass  (Art.  60).  It  is  also  apparent  that  every 
magnet  has  at  least  two  poles  (for  the  one  exception  see  Art.  62). 
The  north  pole  is  the  one  at  which  the  lines  of  force  (Art.  56)  are 
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assumed  to  leave  a  magnet  and  the  south  pole  is  the  one  at  which 
they  enter  it. 

49.  The  Neutralizing  Effect  of  Unlike  Poles. — If  a  permanent 
bar  magnet  is  laid  on  a  similar  magnet  so  that  their  like  poles 
are  together  (Fig.  29,/),  the  magnetic  strength  of  the  combina- 
tion will  be  greater  (practically  twice  as  great,  assuming  both 
magnets  to  be  of  equal  strength)  as  the  strength  of  either  of  the 
magnets  alone.  On  the  other  hand,  if  the  two  magnets  of  equal 
strength  are  laid  together  so  that  their  unlike  poles  will  lie  to- 
gether (Pig.  29,//)  then  the  unlike  poles  will  neutralize  one 
another  and  the  combination  will  have  practically  no  external 
field — that  is,  no  strength. 


I- At+raction  H*  No  Attraction 

FiQ.  29. — Illustrating  the  neutralizing  effect  of  unlike  poles. 

Example. — The  above  facts  can  be  readily  verified,  as  suggested  in  Fig. 
20,  by  testing  the  attractive  strength  of  a  two-magnet  combination  on  a  pile 
of  iron  filings.  With  like  poles — N  to  N  and  S  to  S — together,  the  filings 
will  be  forcibly  attracted.  With  unlike  poles  together — a  north  and  a  south 
pole — the  combination  will  offer  little  or  no  attraction  for  the  filings. 

60.  The  Compass  (Fig.  28,//).— It  follows  from  Art.  48  that 
a  compass  is  merely  a  nicely  balanced  and  pivoted  magnet,  con- 
tained in  a  case  to  exclude  disturbing  draughts  of  air,  and  pro- 
vided with  a  suitable  scale  indicating  the  N  (north),  S  (south) 
and  intermediate  points.  The  mariner's  compass  is  one  that  is 
very  sensitive  and  arranged  for  nautical  observations.  Its  scale 
or  card  is  divided  into  the  32  ''paints  of  the  compass '^  and  is 
attached  to  and  swings  with  the  magnetized  needle.  Frequently 
several  magnetized  bars  are  arranged  side  by  side,  as  such  a  com- 
pound magnet  (Art.  81)  has  been  found  the  most  reUable.    The 
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N  point  on  the  card  always  points  toward  the  north.    A  compass 
needle  does  not  always  point  exactly  north  (Art.  63). 

61.  The  Earth  is  a  Magnet — This  was  discovered  by  Gilbert. 
A  compass  needle  points  north  for  this  reason.  The  earth's 
magnetic  poles  coincide  almost,  but  not  exactly,  with  its  geo- 
graphical poles.  This  can  be  demonstrated  with  a  dip  needle 
(Fig.  30,7).  One  can,  as  shown,  be  made  by  pushing  a 
magnetized  knitting  needle  through  a  cork  so  that  the  cork  will 
be  at  the  center  of  the  needle  and  inserting  two  shorter  pieces 
a  knitting  needle  or  wire  for  an  axis.  Tmnblers  can  be  used  for 
bearings.  The  needle — which  should  be  remagnetized  after  in- 
sertion in  the  cork  (Art.  83) — will  assume  a  slanting  position. 
Its  north  end  will  drop  down  due  to  the  earth's  attraction.  At 
a  point  (about  1,000  miles  away  from  the  geographical  north 
pole)  in  Boothia  Felix,  west  of  Baffin's  Bay,  a  dip  needle  becomes 
nearly  vertical.     This  point  is  the  magnetic  north  pole  of  the 
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H-  A  Dip  Needle  TSr  Magnet  in  Globe 

FiQ.  30. — Showing  that  the  earth  is  a  magnet. 

earth.  At  the  earth's  equator  a  dip  needle  is  horizontal.  At 
the  south  pole  the  needle  is  again  almost  vertical,  with  its  south 
pole  downward.  A  dip  needle  is  shown  in  Fig.  30,//.  A  bar 
magnet  fixed  within  a  globe  (///),  having  a  magnetized  needle 
suspended  over  it,  will  reproduce  on  a  miniature  scale  the  effect 
of  the  earth's  magnetism  on  a  dip  needle. 

62.  Why  the  Earth  Is  a  Magnet  is  not  known  definitely.  It 
has  been  suggested  that  its  magnetism  is  due  to  the  currents  of 
electrified  air  that  ascend  at  regions  adjacent  to  the  equator, 
then  travel,  part  northward,  part  southward,  to  descend  at  the 
poles.  These  movements  of  electrically  charged  air  have  the 
effect  of  real  electric  currents.  The  general  direction  of  the  earth 
currents  within  the  earth's  surface  is  from  the  poles  to  the  equa^ 
tor.     Fig.  31  indicates  the  magnetic  circuit  (Art.  57)  of  the  earth. 

63.  The  Declination  of  the  Compass  Needle  at  any  location 
is  the  angle  between  the  magnetic  meridian  and  the  geographic 
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meridian  at  that  location.  The  magnetic  meridian  at  a  location 
is  the  direction  of  a  magnetic  needle  at  that  location.  Declina- 
tion is  due  to  the  fact  that  the  magnetic  and  geographic  poles 
of  the  earth  do  not  coincide  (Art.  61).  Declination  varies  at 
different  locations  on  the  earth's  surface  and  gradually  changes 
from  year  to  year.  There  is  an  irregular  line  of  no  declination 
that  circles  the  earth,  passing  above  the  north  and  south  magnetic 
poles.  At  locations  on  this  line  a  compass  needle  points  true 
north  and  south.    Accurate  charts  which  indicate  the  declina- 
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Fio.  31. — The  earth's  magnetic  circuit. 

tion  at  different  points  of  the  earth's  surface  are  prepared  for 
and  used  by  navigators. 

54.  Magnetic  Transparency. — A  magnet  will  attract  (Figs. 
32,/  and  //)  through  glass,  wood,  mica — in  fact  through  any- 
thing except  iron.  If  a  plate  of  iron  be  substituted  for  the  plate 
of  glass  in  I  the  number  of  tacks  attracted  will  be  less.  Notice 
at  //  how  the  magnet,  hermetically  sealed  within  the  glass  tube, 
attracts  filings  outside  of  it.  Magnetism  acts  through  all  except 
magnetic  (Art.  45)  substances.  Magnetic  screens  or  shields  (Fig. 
d2fIII)  are  made  of  very  soft  iron  to  enclose  certain  delicate 
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instruments  and  watch-and-clock  movements  to  protect  them 
from  external  magnetic  forces.  A  compass  at  A  within  the  shield 
would  not  be  affected  by  the  magnetism  of  N.    There  is  no  tn- 
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FiQ.  32. — niustratiog  magnetic  transparency. 


suUUor  for  magnetism.    Iron  is  the  very  best  "conductor**  of  magnet- 
ism; it  is  for  this  reason  (because  of  its  great  permeance,  Art.  63) 

that  it  makes  such  good  and  effec- 
tive magnetic  shields. 

66.  A  Magnetic  Spectrum  or 
Magnetic  Figure  (Figs.  33  and 
33A)  can  be  made  by  sifting  iron 
filings  from  a  small  sieve  or  musUn 
bag  on  a  sheet  of  glass,  pasteboard 
or  paper  under  which  a  magnet  or 
fcgnetic  ma^gjjg^  have  been  placed.  The 
filings  will  arrange  themselves  in 
the  directions  of  the  lines  of  force  (Art.  56)  emanating  from 
the  magnet  or  magnets  and  thereby  produce  an  accurate  repre- 
sentation of  the  field  of  force   (Art.   61)   about  the  magnet. 


FlQ. 


33. — Making     a 
spectrum. 


I-  Dor   Magnet  J-  End  of  barno^nei: 

FiQ.  33A. — Magnetic  spectrums. 

The  sheet  on  which  the  filings  are  sifted  should  be  gently  tapped 
as  the  filings  fall  on  it.  If  the  sheet  has  been  previously  coated 
on  one  side  with  parafl^,  and  then  allowed  to  cool,  the  spectrum 
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can  be  made  pennanent  by  carefully  heating  it,  with  the  filings 
on  the  coated  side,  over  a  stove  or  by  passing  a  hot  soldering  iron 
under  it.  By  this  process  the  filings  are  imbedded  in  the 
paraflSn.    Blue  prints  can  be  made  from  such  positives. 

66.  Lines  of  Force  or  Lines  of  Magnetic  Induction  (see  also 
Arts.  226,  59  and  60)  are  the  imaginary  lines  along  which  the 
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FiQ.  34. — Line  of  force. 


attractive  or  repulsive  force  of  a  magnet  acts.  They  map  out 
the  lines  of  magnetic  strain.  The  lines  of  force,  or  stream  of 
magnetism,  is  assumed  to  leave  or  flow  from  the  north  pole  of 
every  magnet,  to  curve  around  in  the  outer  medium  and  to  enter 
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-Magnetic  circuit  of  lines  of  force  through  a  bar  magnet  which  has 
been  broken  into  sections. 


the  south  pole  (Fig.  34).  Each  line  of  force  completes  an  un- 
broken, continuous  path,  or  circuit,  that  is,  each  is  a  closed 
line.  The  complete  course  or  loop  taken  by  the  lines  of  force — 
within  and  without  the  magnet — comprises  the  magnetic  circuit 
(Art.  67)  of  that  magnet.  If  a  magnet  be  broken  into  small 
sections  (Fig.  36)  the  lines  of  force  will  ''flow'*  from  section  to 
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section  through  the  intervening  air.  This  proves  that  each 
line  forms  a  closed  loop.  Lines  of  force  never  cross  one  another. 
Each  line  of  force  can  be  thought  of  as  resembling  an  invisible, 
stretched  rubber  band.  There  is  a  rubber-band-like  tension 
along  every  line  tending  to  shorten  it.  Each  line  also  exerts  a 
sideways  push  in  all  directions  tending  to  crowd  adjacent  lines 
away  from  it.  When  for  any  reason  lines  are  distorted  they 
tend  to  recover  from  the  distortion  or  to  react  against  it. 

67.  A  Magnetic  Circuit  is  then,  the  route  or  path  followed  by 
the  magnetic  lines  of  force  of  a  magnet.  In  practice,  usually, 
the  greater  part  of  a  magnetic  circuit  is  through  magnetic 
materials — ^iron  and  steel — but  there  may  be  air  gaps  in  a 
magnetic  circuit.  See  Art.  62,  "Ring  Circuits."  It  will  be  of 
great  assistance  in  understanding  the  phenomena  and  laws  of 
magnetism  if  the  student  will  think  of  the  lines  of  force  of  any 
magnet  as  constituting  a  stream  or  flux  (Art.  255)  flowing  around 
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FiQ.  36. — Representation  of  lines  of  force. 

the  magnetic  circuit  similar  to  the  way  in  which  a  current  of 
electricity  flows  around  an  electric  circuit.  However,  it  is 
reasonably  certain  that  there  is  no  actual  flow  of  something  in  a 
magnetized  magnetic  circuit  as  there  is  in  an  electric  circuit  which 
is  carrying  a  current — ^but  this  does  not  prevent  one  from  think- 
ing in  terms  of  something  flowing.  There  are  many  similarities 
between  electric  and  magnetic  circuits,  as  will  be  demonstrated 
— but  the  two  are  not,  by  any  means,  the  same.  See  Art.  219 
for  *'The  Laws  of  the  Magnetic  Circuit.*' 

68.  The  Directions  of  Lines  of  Force  Can  Be  Traced  by  a 
magnetic  spectrum  (Fig.  33)  or  by  moving  a  suspended  magnet- 
ized needle  or  compass  along  a  force  line  (Fig.  34,/).  The 
magnetized  needle,  at  any  location,  will  assume  the  direction 
of  the  magnetic  force  (or  line  of  force)  at  that  location.  An 
infinite  number  of  lines  of  force  can  be  thus  traced  from  one  pole 
of  a  magnet  to  the  other. 
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69.  Representation  of  Lines  of  Force  (see  Fig.  36).— An 
arrow  (/)  or  a  V-shaped  arrow-head  thus:  ^ ,  can  be  drawn  on 
lines  of  force  to  show  their  directions  when  one  is  looking  "side 
on"  at  the  lines.  The  lines  always  flow  from  the  north  to  the 
south  pole  outside  of  the  magnet  and  from  the  south  to  the  north 
pole  inside  of  the  magnet.  When  looking  at  force  lines  end  on, 
a  dot  (as  at  Section  A  A  iiT  IT)  represents  a  line  when  it  is  flowing 
toward  one.  A  cross  represents  it  when  it  is  flowing  away. 
This  method  has  been  adopted  because  the  head  end  of  an  arrow 
(/)  looks  Uke  a  dot  and  the  rear  end  of  an  arrow  like  a  cross. 

60.  Further  Explanation  of  the  Term,  ^^Line  of  Force." — This 
conception  (for  it  is  such,  as  one  can  not  see  or  feel  lines  of  force — 
because  they  are  imaginary  lines)  is  extremely  useful  in  two 
rather  distinct  wajrs: 

(a)  For  Indicating  thb  Direction  of  Action  and  the  Extent  of  the 
Field  (Art.  61)  of  a  Stream  of  Maqnbtism.  We  can  make  a  magnetic 
Epectrum,  or  instead,  plot  loops  like  those  of  Fig.  34  of  the  magnetism  about 
a  magnet.  The  spectrum  or  the  plot  will  then,  in  a  general  way,  indicate  the 
directions  of  action  and  the  extent  of  the  magnetic  field.  We  can  say  that 
the  lines  of  our  reproductions  portray  or  stand  for  the  ''lines  of  force''  in  the 
field. 

(6)  As  A  Unit  for  Measuring  the  Magnetism  in  a  Magnetic  Field. 
It  became  evident  many  years  ago  that  some  method  or  unit  should  be 
adopted  for  the  measurement  of  the  amount  of  magnetism  in  a  magnetic  field. 
One  of  the  methods  proposed  was:  that  it  be  assumed  that  magnetic  fields 
are  composed  of  lines — ^to  be  called  lines  of  force — and  that  every  line  repre- 
sent a  certain  amount  of  magnetism.  Then  the  total  amount  of  magnetism 
in  a  field  would  be  proportional  to  the  total  number  of  these  imaginary  lines 
composing  it.  Hence  by  computing  the  number  of  these  imaginary  lines 
of  force  in  a  certain  field  the  amount  of  flux  or  magnetism  in  it  could  be 
determined.  This  method — among  others — ^was  adopted.  It  was  then 
agreed  by  the  scientists  that  a  magnetic  field  containing  a  certain  amount 
of  magnetism  (Art.  226)  would  be  considered  as  comprising  1  line  of  force. 
A  field  of  twice  the  amount  is  then  referred  to  as  a  field  of  2  lines;  a  field 
having  a  thousand  times  the  amount  would  have  1,000  lines.  It  is  evi- 
dent then,  that,  on  this  basis  we  can  ascertain  the  amount  of  magnetism, 
that  is  the  flux,  of  a  magnetic  field  by  computing  the  number  of  these  imag- 
inary, unit  lines  of  force  in  the  field.  A  definite  quantitative  definition  of  a 
line  of  force  is  given  in  following  Art.  226. 

Note. — A  line  of  force  is  an  actual  line  in  the  sense  that  it  is  a  line  along 
which  a  force  due  to  magnetism  acts.     Otherwise,  it  is  an  imaginary  line. 

61.  A  Magnetic  Field  or  a  Field  of  Force  is  the  region  adjacent 
to,  but  outside  of,  a  magnet  which  is  permeated  by  the  magnet's 
lines  of  force  and  within  which  magnetic  substances  (Art.  45) 


36  PRACTICAL  ELECTRICITY  [Abt.  62 

or  conductors  conveying  electric  currents  are  perceptibly  influ- 
enced. The  extent  of  a  field  and  the  directions  of  the  lines  of 
force  composing  it  can  be  studied  by  the  magnetic  spectrum 
method  (Art.  55)  or  with  a  magnetized  needle  as  in  Fig.  34. 
When  the  iron  filings  are  sprinkled  to  form  a  spectrum,  each  be- 
comes a  minute  magnet  by  induction  (Art.  64)  and  they  therefore 
arrange  themselves  along  the  directions  of  the  lines  of  force. 
Several  accompanying  illustrations  showing  magnetic  spectra  and 
lines-of-force  diagrams  illustrate  the  idea  of  a  magnetic  field.  A 
uniform  magnetic  field  is  one  throughout  which  the  lines  of  force 
are  (or  may  be  thought  of  as  being)  equidistantly  spaced. 

Note. — ^Theoretically  the  external  magnetic  field  due  to  any  magnet 
extends  from  and  all  aroimd  the  magnet  for  an  infinite  distance  but  the  field 
becomes  weaker  and  weaker  as  the  distance  from  the  magnet  increases.  Prac- 
tically, the  field  developed  by  any  magnet  is  strong  enough  to  be  perceptible 
only  for  a  distance  of  a  relatively  few  feet — or  inches — ^from  the  magnet.  A 
magnetic  field  has  been  likened  to  a  magnetic  atmosphere. 
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Fig.  37. — Ring  magnetic  circuits. 

62.  A  Ring  Magnet  (Fig.  37)  has  no  poles  and  no  external  mag- 
netic field.  If  four  bar  magnets  are  arranged  to  form  a  closed 
rectangle  (/)  there  will  be  no  appreciable  external  fijeld — that  is, 
no  field  outside  of  the  iron  or  steel  composing  the  magnets.  Such 
a  group  comprising  a  closed  magnetic  field  constitutes  one  form 
of  a  ring  magnet.  A  steel  ring  like  that  of  Fig.  37,//  may  be  very 
strongly  magnetized  and  yet  have  no  poles  because  its  lines  of 
force  nowhere  leave  (there  is  no  tendency  for  them  to  leave)  the 
iron  or  steel  comprising  the  magnetic  circuit.  Where  it  is  desir- 
able that  there  be  Uttle  or  no  external  field,  ring  magnetic  circuits 
are  used — as  in  transformers  and  in  certain  electrical  instruments. 
If  a  piece  be  cut  out  of  the  ring,  as  at  ///,  two  powerful  poles  will 
be  formed  at  the  cut.  Then  we  have  the  elementary  form  of 
the  magnetic  circuit  that  is  widely  utilized  for  useful  permanent 
magnets  (see  Fig.  38,/,  //,  F,  V/,  and  VII)  and  for  the  magnetic 
circuits  of  generators  and  motors. 
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63.  Permeance  is  a  term  which  relates  to  the  ease  or  readiness 
with  which  a  material  will  ''conduct'*  magnetic  flux.  It  may  be 
considered  as  a  property  of  certain  magnetic  materials  such  as — 
iron  and  steel — whereby  they  offer  much  less  opposition  to  the 
flow  of  streams  of  magnetism  (lines  of  force)  than  do  other  mate- 
rials. By  virtue  of  this  property,  if  a  piece  of  iron  be  placed  in 
a  magnetic  field,  the  lines  of  force  will  tend  to  flow  through  the 
iron,  and  a  great  majority  or  nearly  all  of  them  will,  Fig.  39,/. 
This  creates  a  condition  known  as  field  distortion.  Not  only  will 
the  lines  tend  to  concentrate  in  the  iron  A,  but  the  number  of 
lines  of  force  in  the  magnetic  stream  will  be  greater  with  the  iron 
(A)  in  the  field  than  with  the  iron  (A)  out  of  it.    The  presence  of 
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the  iron  decreases  the  opposition  to  the  flow  of  lines  in  the  mag- 
netic circuit  (Art.  57),  hence  the  number  of  lines  of  force  is  pro- 
portionally increased  by  placing  the  iron  in  the  magnetic  circuit. 
See  Art.  238,  in  which  numerical  values  are  given,  for  more  in- 
formation regarding  permeance  and  also  permeability,  which  is 
specific  permeance.  Magnetic  induction.  Art.  64,  is  also  a  result 
of  the  great  permeance  of  iron.  The  symbol  for  permeance  is  (P. 
64.'  Magnetic  Induction. — Magnetism  can  be  imparted  by  a 
magnet  to  a  magnetic  substance  without  the  two  being  in  actual 
contact,  as  in  Fig.  39,/,  where  the  soft  iron  bar  B  is  magnetized 
through  the  influence  or  induction  of  bar  magnet  A,  Magnetism 
produced  in  magnetic  substances  by  the  influence  of  a  magnet 
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is  said  to  be  induced.  When  magnetism  is  developed  in  a  body 
by  the  induction  of  a  magnet,  at  least  two  poles  are  produced  in 
the  body.  The  two  poles  of  the  body  and  magnet  that  are  near- 
est together  will  be  of  unlike  kind  (one  north  and  one  south) 
and  the  poles  that  are  furtherst  apart  will,  in  general,  be  of  unUke 
kind  also  (see  Fig.  39,//).    Note  that  there  is  a  similarity  be- 
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FiQ.  39. — The  principle  of  induction. 

tween  static  and  magnetic  induction.  Magnetic  induction  may 
also  be  defined  as  the  production  in  a  magnetic  substance  of 
many  more  Unes  of  force  than  would  be  produced  in  air  by  the 
same  magnetizing  force.  In  Fig.  39,//,  for  example,  when  the 
soft  iron  bar  B  is  introduced  in  the  field  the  number  of  lines  of 
force  in  £  is  increased  (because  of  its  permeance.  Art.  63)  enor- 
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mously  above  the  number  that  did  thread  through  the  air. 
Hence  the  intensity  of  the  field  around  the  iron  B  is  then  sufficient 
that  fiUngs  or  other  iron  objects  may  be  attracted.  If  magnet- 
ism is  produced  in  a  soft  iron  bar  by  induction,  the  bar  will  lose 
its  magnetism  when  it  is  removed  from  the  field  of  the  inducing 
magnet.  If  magnetism  is  produced  inductively  in  hard  steel  the 
steel  will  permanently  retain  a  portion  even  when  it  is  removed 
from  the  field. 
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ajrrta^ncHc  Spectrum 
FiQ.  40. — Magnetic  attraction. 

66.  Explanation  of  Attraction  and  Repulsion. — Art.  48  states 
that  a  north  pole  is  formed  where  lines  of  force  leave  a  body  of 
magnetic  material;  that  a  south  pole  is  produced  where  lines 
enter  one.  Therefore,  when  a  north  and  a  south  pole  are  placed 
near  together  (Fig.  40)  the  lines  of  force  from  magnet  A  unite 
with  those  of  B  to  constitute  a  stream  of  lines  across  the  air  gap 
and  around  the  magnetic  circuit.  There  is  always  a  rubber- 
band-Uke  tension  along  lines  of  force  (Art.  66).  Hence  the  ten- 
sion in  the  Unes  creates  a  tendency  across  the  air  gap  to  pull  -4. 
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and  B  together.  This  is  the  explanation  of  magnetic  attraction. 
When  lines  of  force  are  induced  in  a  magnetic  body  by  a  magnet 
as  in  Fig,  39,//,  the  lines  pass  from  A,  at  north  pole  N,  and  enter 
B  at  S,  creating  there  a  south  pole.  Then  the  tension  in  the 
force  Unes  causes  N  and  S  to  attract  one  another  across  the  air 
gap.  This  explains  the  attraction  due  to  magnetic  induction.  The 
magnet  first  magnetizes  the  body  by  induction,  then  the  imUke 
poles  attract  one  another. 


f    ^' .-'  ^'-'"' .--r-  '-    ;     '  T  '  I  ^^. ' ->-■,,       "^^  Ai 


I- Lines  of  Force 


•.XE-Mcicjnc+lc  spectrum 
FiQ.  41. — Magnetic  repulsion. 

Note. — When  like  poles — a  north  and  a  north  pole — are  placed  near 
each  other  as  at  Fig.  41,/,  the  lines  repel  each  other  and  the  side  ways  push- 
ing tendency  that  is  a  property  of  lines  of  force  (Art.  56)  creates  a  tendency 
for  the  magnets  to  push  apart.     This  accounts  for  magnetic  repulsion. 

66.  Magnetization  Due  to  the  Earth's  Induction. — Iron  col- 
umns and  beams  in  buildings,  stoves  and  iron  members  of  machin- 
ery that  have  remained  stationary  in  one  position  for  some  time 
acquire  magnetic  properties.  This  can  be  demonstrated  by 
bringing  a  compass  needle  near  them. 

Example. — This  can  also  be  shown  as  suggested  in  Fig.  42.  The  annealed 
iron  bar  will  show  no  magnetism  if  supported  horizontally  in  an  east-and- 
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west  line.    Now  hold  it  in  the  direction  of  the  magnetic  meridian  and  dip- 
ping down  in  the  direction  indicated  by  a  dip  needle  (Art.  51).    The  north 
end  should  be  about  70  degrees  below  the 
horizontal.     Strike  the  bar  a  sharp  rap 
with  a  hammer.     If  it  is  now  tested  for  . 

polarity  with  a  compass  its  north  end  fhrlzotrfo/  4^  • 
will  be  found  north-seeking  and  the 
south  end,  south-seeking.  If  now  it  is 
turned  end  for  end  and  again  rapped,  the 
polarity  will  be  reversed.  The  effects 
above  described  are  due  to  the  inductive 
action  of  the  earth's  magnetism.  Natural 
magnets — ^lodestones — ^are  doubtless  pro- 
duced in  a  similar  manner. 


■j{.. 


Annealtdiron 
\  t>arinlifK  wtfh 
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Fig.  42. — Magnetizing  a   rod 
the  earth's  induction. 
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67.  Consequent  Poles  are  pro- 
duced if  a  bar  of  magnetic  metal 

be  so  magnetized  at  certain  parts  but  not  at  others  that  the  inter- 
mediate poles  oppose  one  another  as  in  Fig.  42A.    Consequent 
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H-  Magnetic  Specf  rum 
Fig.  42A. — The  principle  of  consequent  poles 

poles  can  be  produced  electromagnetically  by  reversing  the  direc- 
tion of  the  winding  along  a  bar.    It  is  evident  from  the  illustra- 
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tion  that  such  a  magnet  can  have  two  or  any  greater  number  of 
poles. 

68.  The  Explanation  of  Magnetization. — No  explanation  that 
offers  an  absolute  proof  has  thus  far  been  proposed.  Probably, 
the  aioms  (Art.  12)  of  a  magnetizable  body  are  minute  magnets 
— whether  the  body  as  a  whole  is  magnetized  or  not.  Before  it 
is  magnetized,  their  poles  point  almost  every-which-way  (Fig. 


I- Un- Magnetized  Il-Rartially  Magnetiied 

Fio.  43. — ^niustrating  the  so-called  "molecular  theory*'  of  magnetism. 


m-MaqrMtized 
to  Saturation 


43,7).  However,  their  arrangement  into  ring  magnets  (Art.  62) 
is  such  that  they  produce  no  external  field.  Increasing  the  mag- 
netization causes  their  axes 'to  become  more  nearly  parallel  as  at 
11.  When  the  body  is  fully  magnetized  or  saturated  (Art.  247) 
all  of  the  north  poles  of  the  molecules  point  toward  the  north 
pole  of  the  body  (///)  and  their  south  poles  point  toward  the 

south  pole  of  the  body.    The  mole- 
cules do  not,  however,  line  up  quite 
as  regularly  as  shown  at  ///,  be- 
cause if  they  did  the  Unes  of  force 
would  pass  out  only  through  the 
^^     ends  of  the  bar.     Magnetic  spectra 
cfM^nef  show  us  that  some  lines  pass  out  of 
""  <      a  bar  magnet  from  its  sides  as  well 
as  from  its  ends.    See  Art.  218,  A  for 
an  explanation  as  to  how,  on  the 
basis  of  the  electron  theory  of 
magnetism,  the  moving  electrons 
in  the  atoms  are  assumed  to  pro- 
of magnetization.  duce  magnetic  poles. 

Note. — It  appears  that  the  molecules  of  steel  are  harder  to  turn  than  those 
of  iron,  that  is,  steel  is  more  difficult  to  magnetize.  But  when  steel  is  mag- 
netized it  retains  its  magnetism  better  than  does  iron  (see  Art.  63,  *' Per- 
meance") 

Example. — This  principle  of  molecular  magnetizalion  can  be  demon- 
strated with  a  medicine  vial  (Fig.  44)  almost  full  of  steel  filings.  If  the  bottle 
be  thoroughly  shaken  and  tested  for  polarity  no  magnetic  effect  can  be 
observed.  If  now  the  filings  be  polariz&i  by  stroking  the  vial  with  a  strong 
bar  magnet  and  then  tested,  the  bottlefull  will  have  a  north  pole  at  one  end 


c//c//J€  Viat 
Fig.  44. — Illustrating  the  theory 
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and  a  south  pole  at  the  other.  If  it  be  again  shaken  the  polarity  will  be  lost. 
If  a  knitting  needle  be  magnetized  and  broken  into  bits,  the  smallest  piece 
that  it  is  possible  to  obtain  will  be  a  magnet — like  the  pieces  of  the  broken 
bar  of  Fig.  35.  Heating,  jarring  or  any  action  that  tends  to  disturb  the 
molecular  arrangement  within  a  body  may  deprive  it  of  its  properties  as  a 
permanent  magnet  (Art.  80). 

69.  Uniform  Magnetization  or  a  uniform  magnetic  density  is 
produced  when  every  square-inch  cross-section  of  a  magnetized 
substance  has  exactly  the  same  number  of  lines  of  force  passing 
through  it.  When  the  number  of  lines  of  force  is  different 
through  different  square-inch  cross-sections  the  magnetization  is 
nonr-uniform. 

Note. — Although  it  is  seldom  that  an  absolutely  uniform  magnetic  den- 
sity can  be  produced  in  a  substance,  it  is  often  assumed,  to  faciUtate  compu- 
tations that  the  magnetic  density  throughout  a  body  is  uniform. 

70.  The   Flux   of  a  Magnetic 
Field   (this   subject   is   discussed  r  --^^^ 

further  in  Art.  225  in  the  follow-  f^- 

ing  section   on   "The   Magnetic  ■,        r'd 

Circuit")  is  the  total  number  of  f- 

lines  of  force  comprising  the  field  \[^^Z.'~-u 

or,  in  other  words,  the  amount  or     Side  View  Elevation 

quantity    of   magnetism    in     that  Fio.    45. — An  imaginary    magnetio 

field.     Total  induction  is  another  ^"^  ""^  ^^  *'"''*• 

term  sometimes  used  that  means  the  same  thing.    Flux  is  usually 

represented  by  the  Greek  letter  4>  (pronounced  phi). 

Example. — In  Fig.  45  is  represented,  for  explanation,  the  field  of  an 
imaginary  magnet.  It  has  a  flux  of  49  of  these  imaginary  lines  of  force,  as 
determined  by  counting  them  in  the  Elevation  picture.  Therefore,  for  this 
imaginary  field: 

0  =  49  lines. 

71.  The  Maxwell  Is  One  Unit  of  Magnetic  Flux.— A 
maxwell  is  the  amount  of  magnetism  passing  through  every 
square  centimeter  of  a  field  of  unit  intensity.  This  means  that 
1  maxwell  =  1  line  of  force.  The  unit  '* maxwell"  is  seldom  used 
in  practical  work  it  being  more  convenient  to  say  "a  flux  of  10,000 
lines"  than  "a  flux  of  10,000  maxwells."  Further  information 
relating  to  this  situation  is  given  in  Art.  226  the  following  section 
on  "The  Magnetic  Circuit." 

Note. — Flux  in  a  magnetic  circuit  is  in  many  ways  analogous  to  current 
in  an  electric  circuit.    See   Art.  226.    It  should  not   be  assumed  that 
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magnetic  flux  and  electric  current  are  the  same  thing  because  they  are  not. 
They  are  entirely  different  phenomena.  However,  the  laws  that  govern  the 
development  of  flux  in  a  magnetic  circuit  are  precisely  analogous  to  the  laws 
governing  the  development  of  current  in  an  electric  circuit.  The  formulas 
for  computing  magnetic  flux  are  very  similar  to  those  for  computing  electric 
current.  The  formulas  for  the  two  kinds  of  circuits  are  in  many  cases  of 
identical  form.  But  different  letters  denoting  different,  but  analogous, 
quantities  are  used  in  the  formulas  for  the  two  circuits. 

72.  The  Field  Intensity  or  Magnetic  Intensity  (also  called 
magnetomotive  gradient)  at  some  designated  point  in  a  magnetic 
field  is  a  measure  of  the  ability  of  the  field,  at  that  point,  to  pro- 
duce flux  or  lines  of  force.  Field  intensify  is  the  cause;  flitx 
density  (Arts.  73  and  246)  is  the  effect.  Note  particularly  that 
the  term  field  intensity  must  relate  to  some  specified  point  or 
location. 

Note. — Field  intensity  at  a  certain  location  is  also,  stating  the  situation 
in  another  way,  the  magnetomotive  force  (Arts.  245  and  261)  per  unit  length 
of  path,  at  that  location  or  point.  Thus,  field  intensity  is  magnetomotive 
force  gradierd  and  may  be  expressed  in  ampere-turns  (Art.  261)  per  inch 
length  of  path. 

Note. — The  term  fidd  intensity  and  its  symbol  H,  relate  only  to  the  ability 
of  a  magnetic  field  to  generate  flux.  A  different  term  (Art.  73)  is  used  to 
designate  the  density  (flux  lines  or  lines  of  force  per  square  inch)  of  mag- 
netic flux  in  magnetic  circuits.  Terms  which  are  sometimes  used  inter- 
changeably with  ''field  intensity"  are:  magnetizing  force  (not  magnetomotive 
force),  magnetic  intensity ,  strength  of  field,  intensity  of  magnetic  flM,  fidd 
strength  and  fiM  density. 

73.  Flux  Density  is  the  number  of  lines  of  force  per  unit  area 
passing  through  any  substance  through  a  plane  at  right  angles 
to  the  direction  of  the  flux  lines.  In  practical  work  in  the 
United  States  flux  density  is  measured  in  lines  per  square  inch 
and  is  usually  designated  by  the  capital  letter  B.  It  follows, 
therefore,  that  there  is  a  certain  definite  relation  between  flva 
(Art.  70),  flvx  density  and  area,  thus: 


(1) 

flux 

denstty  =  ^^^ 

(lines  per  sq.  in.) 

that  iS; 
(2) 

(lines  per  sq.  in.) 

hence, 
(3) 

<k  =  AXB 

(lines) 

and 

(4) 

(sq.  in.) 
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Wherein  B  =  flux  density,  in  lines  per  square  inch,  4>  =  the 
flux,  or  total  number  of  lines  of  force,  in  the  area  of  magnetic 
circuit  under  consideration.  A  =  the  area,  in  square  inches,  of 
the  plane  or  surface  under  consideration,  taken  at  right  angles 
to  the  direction  of  the  lines  of  force. 

Note. — Terms  which  are  sometimes  used  interchangeably  with  "flux 
density"  are:  magnetic  induction,  magnetic  density  and  magnetism. 

Example. — What  is  the  flux  density  in  bare  A  and  C  of  Fig.  46,/,  assum- 
ing that  the  total  flux  is  80,000  lines  and  that  it  distributes  itself  imiformly  in 
A  and  in  C7  Solution. — Consider  C  first;  it  has  an  area  of  2  in.  X  2^  in. 
=  5  sq.  in.  Now  substitute  in  the  formula  (2) :  B  =  ^  -5-  A  =  80,000  +  5  » 
16,000  lines  per  sq.  in.  Therefore,  the  flux  density  in  C  is  16,000  lines  of 
force  per  sq.  in. 

Now  consider  A;  its  area  is  1  in.  X  1  in.  «  1  sq.  in.  Substitute  in  the 
formula  (2):  B  =  ^  4-  A  =  80,000  -^  1  »  80,000  lines  per  sq.  in.    There- 
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Fio.  46. — Magnetic  flux  in  iron. 


fore,  the  flux  density  in  A  is  80,000  lines  per  sq.  in.  Note  that  although  there 
is  the  same  flux  of  80,000  lines  in  A  and  in  C,  the  flux  density  in  C  is  less  than 
that  in  A  because  of  the  greater  area  of  C. 

Example. — What  is  the  flux  density  in  the  round  bar  of  Fig.  46,7/  which 
carries  a  total  flux  of  300,000  lines?  Solution.— The  area  of  a  2-in.  round 
bar  is  2  X  2  X  0.785  =3.14  sq.  in.  Now  substitute  in  the  formula  (2) :  B  - 
0  -^  ii  =  300,000  -^  3.14  =  95,600  lines  per  sq.  in.  Hence  the  flux  density, 
B,  in  this  bar  is  95,600  lines  per  sq.  in. 

Example. — The  flux  density  in  the  rectangular  iron  bar  of  Fig.  46,///  is 
20,000  lines  per  sq.  in.  What  is  the  flux  in  the  bar.  Soujtion.— The  area 
of  the  bar  =»  2  in.  X  1  in.  =»  2  sq.  in.  Substitute  in  the  formula  (3):  *  = 
A  X  B  =  2  X  20,000  =  40,000  lines.  Therefore,  the  total  number  of  lined 
of  force  or  the  flux  through  this  bar  is  40,000  lines. 

Example. — In  Fig.  47,  where  the  flux  (or  total  number  of  lines  of  force)  is 
49,  what  is  the  flux  density  at:  (1)  plane  DDy  where  the  field  is  J^  in.  square; 
(2)  at  plane  FF,  where  the  field  is  2  in.  square;  and  (3)  at  plane  EE^  where 
the  field  is  1  in.  square?    Solution.— (1)  The  area  of  the  field  B,t  DD  is  H 
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in.  X  J^  in.  =  Ji  or  0.25  in.;  (2)  the  area  of  the  field  at  FF  is  2  in.  X  2  in.  = 
4  sq.  in.;  (3)  the  area  of  the  field  at  EE  is  1  in.  X  1  in.  =  1  sq.  in.  Now 
substitute  in  the  formula  (2) ;  B  =  0  -i-  A : 

49 
(1)       B  =  x-^i    =  196    lines  per  sq.  in.  =  flux  density  at  DD. 

49 


(2) 


B 
B 


49 
(3)       B  =    -|-     =*  49  lines  per  sq.  in: 


12.3  lines  per  sq.  in.  =  flux  density  at  FF. 
flux  density  at  EE. 


The  values  of  this  imaginary  example  show  how  flux  densities  may  vary. 
In  (2)  above  we  get  a  fraction  of  a  line  (12.3)  in  our  result  for  flux  density. 
This  should  not  confuse  if  it  be  remembered  that  a  line  of  force  is,  as  used 
here,  a  unit  of  measurement  (Art.  60).  Hence  we  can  use  a  fraction  of  a  line 
of  force  in  figuring,  just  as  we  can  use  a  fraction  of  an  inch  or  of  a  pound. 

Example. — In  a  certain  field  the  flux  density  is  400  lines  per  sq.  in.  and  the 
area  of  the  field,  on  a  plane  at  right  angles  to  it,  is  48  sq.  in.     What  is  the 
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Fig.  47. — A  simple  magnetic  circuit. 
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total  flux?  SoLunoN. — Substitute  in  the  formula  (3):  4»  —  A  X  B  — 
48  X  400  =  19,200  lines  =  total  flux  in  field. 

Example. — ^A  field  of  36  sq.  in.  has  a  flux  of  28,800  lines.  What  is  its 
flux  density?  SoliUTioN. — Substitute  in  the  formula  (2):  B  =  ^  -r-  A  = 
28,800  -5-  36  =  800  lines  per  sq.  in.  =  flux  density. 

Note. — Flux  Dunsity  in  a  magnetic  circuit  is  analogous  to  current  den- 
sity (Art.  123 A)  in  an  electric  circuit.  For  example,  the  flux  density  in  the 
magnetic  circuit  of  Fig.  46,///  is  20,000  lines  per  sq.  in.  while  in  an  electrio 
circuit  of  the  correct  proportions  the  current  density  might  be  20,000  amp. 
per  sq.  in.  The  flux  density  at  different  planes,  cut  through  a  magnetic 
circuit  of  varying  cross-section,  may  be  different  regardless  of  the  fact  that 
the  total  flux  is  constant.  Likewise,  the  current  density  in  different  parts 
of  an  electric  circuit  may  be  different  at  parts  of  the  circuit. 

74.  The  Gauss  Is  a  Unit  of  Flux  Density  which  is  sometimes 
used.  A  flux  density  of  1  gauss  is  equivalent  to  1  line  of  force 
per  sq.  cm.  A  field  having  a  density  of  10  gausses  may  be  called 
a  field  of  10 maxwells  per  sq.  cm.  or  simply  "a  field  of  10  gausses." 


Sec.  21  MAGNETISM  47 

A  maxwell  is  equivalent  to  1  line  of  force.  The  unit  "gauss" 
is  not  much  used  in  this  country,  outside  of  physical  laboratories 
and  text-books,  it  being  much  more  convenient  and  quite  as 
accurate  in  practical  work  to  refer  to  lines  of  force  per  square 
inch  or  "lines  per  square  inch." 

75.  Magnetic  Force  is  the  push  with  which  two  magnets  repel 
each  other  or  it  is  the  pull  with  which  they  attract  each  other. 
Force  can  be  measured  in  pounds  or  in  any  other  unit  of  weight. 
Obviously,  a  magnetic  force  will  be  exerted  between  a  magnet, 
and  a  magnetic  substance  that  has  become  a  temporary  magnet 
by  induction  (Art.  64),  the  same  as  between  two  permanent 
magnets.  Magnetic  force  is  mutual  (Fig.  39,//);  magnet  A 
attracts  bar  B  by  the  same  amount  as  B  attracts  A.  Magnetic 
force,  sometimes  called  magnetic  strengthy  should  not  be  confused 
with  lifting  power  (Art.  85)  which  is  an  entirely  different 
thing. 

76.  The  Laws  of  Magnetic  Force  Are : 

1.  Like  magnetic  poles  repel  one  another;  unlike  magnetic 
poles  attract  one  another. 

2.  The  force  exerted  between  two  magnetic  poles  varies  in- 
versely  as  the  square  of  the  distance  between  them. 

The  first  law  above  is  discussed  in  Art.  77.  The  second  law  is 
not  strictly  true  in  practice  because  it  assumes  that  each  of  the 
poles  is  a  mere  point — a  dot.  It  is,  however,  closely  true  when 
the  magnets  are  not  too  close  to  one  another  and  are  long  in 
proportion  to  their  sectional  areas.  This  second  law  can  be 
stated  as  a  formula  thus: 
(5)  F:f::d^:D^ 


or 
(6) 


or 

(8)  /  = 


FXD* 


Wherein  F  =  force  exerted  between  two  magnet  poles  in  their 
first  position.    /  ==  force  between  them  in  second  position. 
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D  =  distance  between  poles  in  first  position,  d  =  distance 
between  poles  in  second  position. 

•  Example. — Assume  bar  magnets  to  be  arranged  as  in  Fig.  48  so  that  they 
are  free  to  move  on  frictionless  glajss  rollers  and  so  that  the  pull  between  them 
can  be  measured  by  delicate  spring  balances.  When  the  magnet  ends  are  4 
in.  apart  the  mutual  pull  between  the  magnets  is  20  oz.  (Fig.  48,7).  How 
many  ounces  will  it  be  with  the  magnet  end  2  in.  apart  (Fig.  48,77)  ?  Solu- 
TioN.—Substitute  in  the  formula  (8):  /  =  (/?*  X  D*)  -5-  d«  =  [20  X  (4  X 
4)  -^  (2  X  2)]  =  320  -^  4  =  80  oz. 

Therefore,  with  the  magnets  2  in.  apart  the  pull  or  force  would  be  approxi- 
mately 80  oz.  It  probably  would  not  be  exactly  thus  in  practice  because  of 
certain  errors,  inherent  in  the  formula  and  method,  for  which  it  is  not  feasible 
to  correct. 
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Fig.  48. — lUustrating  law  of  force  between  two  magnets. 

77.  Why  Magnetic  Force  Varies  as  the  Square  of  the  Distance. 

— This  law  (Art.  76)  is  not  strictly  true  in  practice  because  it  is 
based  on  the  assumption  that  the  lines  of  force  from  a  pole  face 
of  a  magnet  radiate  (Fig.  49)  from  a  point  or  dot  which  lies  within 
the  magnet  and  which  is  considered  the  true  location  of  the  pole 
of  the  magnet.  Actually  the  lines  of  force  do  not  converge  to  a 
point  within  a  magnet.  The  magnet  face  shown  is  1  in.  square — 
has  an  area  of  1  sq.  in.  It  is  obvious  that  there  are  fewer  of  the 
Unes  of  force  passing  through  a  square-inch  area  ABCD,  located 
at  some  distance  from  the  pole  face,  than  there  are  through  the 
square  inch  EFGH,  of  the  face.  This  means  that,  since  flux 
density  determines  the  number  of  hnes  of  force  per  square  inch, 
the  flux  density  at  ABCD  is  much  less  than  at  EFGH.  The 
further  away  from  the  pole  one  goes,  the  less  will  be  the  flux 
density.    Where  the  lines  radiate  from  a  point,  the  number  of 
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lines  through  a  given  area  will  vary  inversely  as  the  square  of 
the  distance  that  the  area  is  from  the  point — not  from  the  pole 
face.  With  a  long  magnet  the  lines  of  force  will  radiate  from  its 
poles  almost  as  shown  in  Fig.  49  and  with  such  a  magnet  this 
** inversely  as  the  square  of  the  distance*^  law  will  hold  closely  but 
not  exactly  true.  However,  with  a  short  thick  magnet  the  field 
of  lines  of  force  that  is  developed  will  be  fairly  uniform  (Art.  61) 
for  quite  a  distance  from  the  pole  face  and  then  the  inverse  square 
law  can  not  be  applied  with  great  accuracy. 

78.  Diamagnetism  is  an  apparent  property  of  certain  materials 
(among  them  are  copper,  antimony,  bismuth,  phosphorus  and 
some  liquids)  whereby  they  seem  to  be  feebly  repelled  from  the 
poles  of  a 'strong  magnet.    Such  materials  are  called  diamagnetic 
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Pig.  49. — Showing  the  principle  of  the  inverse-square  law. 


svbsiances.  The  explanation  of  this  property  is,  probably,  that 
these  materials  have  less  permeance  (Art.  63)  than  have  air  or 
magnetic  substances.  That  is,  a  diamagnetic  substance  is  one 
that  does  not  conduct  magnetism  or  lines  of  force  as  well  as  does 
air. 

79.  A  Paramagnetic  Substance  is  one  that  has  greater  per- 
meance (Art.  63)  than  air  or,  in  other  words,  conducts  lines  of 
force  better  than  does  air. 

80.  A  Permanent  Magnet  Can  Be  Made  by  stroking  the  hard 
steel  bar  (Fig.  50,/)  which  it  is  desired  to  magnetize  with  another 
strong  permanent  magnet.  The  magnetization  thus  attained  is 
relatively  weak.  Strong  magnetization  can  be  effected  only  by 
placing  the  bar  in  a  strong,  electromagnetic  field.    This  can  be 
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done  by  causing  continuous  current  (Art.  217)  to  circulate  around 
the  bar  (Fig.  50,  //)  or  by  placing  it  in  the  field  of  a  generator 
(///)  or  of  a  specially  designed  magnet  {IV). 

Note. — To  make  a  permanent  magnet:  bend  the  steel  into  the  required 
form;  it  can  be  bent  cold  if  the  form  required  and  its  section  permits  it.  To 
harden,  heat  to  a  cherry  red  and  plunge  into  cold  running  water.  Agitate 
violently  while  it  is  cooling.  The  tongs  with  which  the  magnet  is  to  be  im- 
mersed should  be  so  designed  that  they  will  hold  it  in  shape  to  prevent  dis- 
tortion. Holes  should  be  bored  wherever  feasible  through  the  jaws  of  the 
tongs  so  that  cold  water  will  reach  as  much  of  the  magnet  steel  as  possible. 
Where  the  utmost  permanency  of  magnetization  is  desirable,  ageing  (Art. 
82)  is  essential.  Artificially  aged  tungsten-steel  magnets  used  in  the  best 
measuring  instruments  maintain  indefinitely  an  almost  perfectly  constant 
magnetization.  The  most  expensive  steels  do  not  necessarily  mttke  the  best 
permanent  magnets. 

81.  Forms  of  Permanent  Magnets  are  shown  in  Fig.  38.  When 
the  steel  is  bent  into  a  closed  or  nearly  closed  shape  as  at  /  and 
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Fio.  50. — Methods  of  magnetising  permanent  magnets. 

//  the  magnet  will  retain  its  magnetization  much  better  than  if 
it  is  in  a  bar  or  unclosed  form.  Thin  magnets  are  stronger  in 
proportion  to  their  weights  than  are  thick  ones.  It  follows  that 
a  compound  magnet  {III)  composed  of  several  thin  bars  clamped 
together  is  more  efifective  than  a  solid  one  of  the  same  weight. 

82.  The  Ageing  of  Magnet  Steel  whereby  it  will  retain  prac- 
tically fixed  magnetization  indefinitely,  can  be  accomplished 
thus:  Bend  the  steel  to  its  ultimate  form  and  temper  it  to  maxi- 
mum hardness.  Heat  treat  (heat)  it  in  steam  for  about  40  hr. 
at  212  deg.  F.  Magnetize  the  steel  as  strongly  as  possible  and 
give  it  another  similar  heat  treatment  for  8  hr.  The  reheating 
effects  some  de-magnetization  but  the  magnetization  that  re- 
mains will  be  about  permanent  for  all  practical  purposes. 

83.  Rough  Treatment  Weakens  Magnets. — If  a  magnetized 
darning  needle  or  any  other  magnet  be  heated  red  hot  and  al- 
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lowed  to  cool  it  will  be  found  to  have  lost  its  magnetism.  If  a 
magnetized  darning  needle  be  tested  for  strength  by  counting 
the  number  of  tacks  it  will  lift  and  then  vibrated  against  a  table 
it  will  be  found  that  it  has  lost  much  of  its  strength.  If  a  magnet 
is  dropped  or  jarred,  it  will  lose  strength.  Each  time  the  keeper 
of  an  ordinary  horseshoe  magnet  is  removed  and  replaced  some 
of  its  strength  is  lost.  Obviously,  any  delicate  instrument  con- 
taining a  permanent  magnet  must  not  be  jarred  or  subjected  to 
extreme  changes  in  temperature.  Any  condition  that  tends  to 
alter  the  internal  molecular  or  atomic  structure  (Art.  3.)  of  a 
permanent  magnet  should  be  avoided. 

NoTB. — Where  the  form  of  a  permanent,  magnet  permits  it,  a  soft  iron 
armalure  or  keeper  should  be  placed  across  the  poles  of  the  magnet  when  it  is 
not  in  use.     When  this  is  done,  there  will  be  an  iron  magnetic  circuit  for  the 
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Fio,  51. — niustrating  retentivity. 

lines  of  force  to  follow,  which  will  tend  to  maintain  the  strength  of  the  mag- 
net constant. 

84.  Retentivity  Is  Ability  to  Retain  Magnetism.  See  Art.  45. 
— Hard  steel  will  retain  magnetism  very  much  better  than  will  soft 
steel.  The  harder  the  steel  the  greater  the  retentivity.  Pure 
soft  iron  will  not  retain  it  at  all.  This  principle  can  be  demon- 
strated as  suggested  in  Fig.  51.  Hang  as  many  soft  nails  as  it 
will  support  by  its  attraction  on  the  end  of  a  bar  magnet.  Each 
nail  has  now  become  (by  induction,  Art.  64)  a  little  magnet  for 
the  time  being.  Detach  all  of  the  nails.  When  tested,  none 
will  be  found  to  have  much  magnetism.  If  the  same  experiment 
is  tried  with  needles,  which  are  always  of  hard  steel,  each  needle 
will  be  foimd  to  retain  considerable  magnetism.  It  follows  that 
hard  steel  is  the  only  substance  suitable  for  strong  permanent 
magnets.  Cast  iron  and  impure  wrought  iron  retain  some  mag- 
netism. Form  affects  retentivity.  Cubes,  short  rods  and  balls 
will  not  retain  nearly  so  well  as  will  long  rods  bent  into  closed  or 
nearly  closed  circuits.    The  keeper  on  a  horseshoe  magnet  (Fig. 
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38,//)  promotes  its  retentivity.    Magnets  of  practically  unvary* 
ing  strength  can  be  made  (Art.  82). 

85.  The  Lifting  Power  of  a  Permanent  Magnet,  sometimes 
called  its  portative  force  is  difficult  to  calculate  accurately.  It 
depends  on:  (1)  the  quality  of  the  steely  (2)  its  shape,  (3)  the  shape 
and  condition  of  the  surface  of  the  object  attracted  and  of  the  aitra^ 
ing  surface  and  (4)  the  size  or  weight  of  the  magnet,  it  being  as- 
sumed that  the  magnet  is  magnetized  as  intensely  as  can  be. 

Note. — ^A  honseshoe  magnet  will  usually  lift  three  or  four  times  as  great 
a  weight  as  will  a  bar  magnet  of  the  same  weight.  Chamfering  the  ends  or 
poles  of  a  magnet  increases  its  lifting  power  (Art.  293).  Small  magnets  will 
lift  more  in  proportion  to  their  weights  than  will  large  ones.  A  lifting  power 
of  40  lb.  per  sq.  in.  of  pole  surface  is  a  splendid  performance  for  a  steel  mag- 
net.   A  good  horseshoe  magnet  weighing  1  lb.  diould  lift  25  lb. 


SECTION  3 

FUNDAMENTAL  IDEAS  CONCERNING  ELECTRICITY 

86.  The  Exact  Nature  of  Electricity  has  not  been  definitely 
determined.  While  the  electron  theory  (Art.  4)  offers  explana- 
tions for  many  things  which  could  not  be  consistently  explained 
on  any  basis  before  the  development  of  this  theory,  it  does  not 
tell  precisely  what  electricity  is.  Electric  phenomena  are, 
probably,  due  to  the  movement  of  electrons.  But  it  is  not 
known  what  an  electron  is.  As  previously  suggested  there  is  a 
close  relation*  between  electric  Ught  and  heat  waves  (they  all 
travel  at  the  same  rate,  viz.,  186,000  miles  per  sec).  Also,  it  is 
a  matter  of  common  observation  that  electrical  energy  can  be 
converted  into  heat  and  into  Ught. 

87.  Theories  of  Electricity.  The  Electron  Theory. — Various 
theories  have  in  the  past  been  proposed  to  account  for  electrical 
phenomena.  None  was  altogether  satisfactory.  However,  the 
now  generally  accepted  electron  theory  offers,  as  above  suggested, 
rational  explanations  for  nearly  all  electrical  actions.  The 
electron  theory  is  certainly  in  the  right  direction — even  if  it  is, 
as  now  understood,  not  absolutely  correct  in  all  respects.  For 
the  purposes  of  this  book  it  has  seemed  preferable  to  sometimes 
consider  electricity  as  analogous  to  a  fluid,  as  explained  in  Art. 
90,  rather  than  endeavor  to  base  explanations  wholly  on  the  elec- 
tron theory.  But  interpretations  on  the  basis  of  the  electron 
theory  will  also,  where  feasible,  be  made.  The  fluid  analogy  con- 
cept does  not  conflict  with  the  electron  theory  and  it — at  least  so 
the  author  beheves — offers  a  more  effective  medium  for  the  sim- 
ple explanation  of  certain  electrical  phenomena. 

88.  It  is  Not  Necessary  for  One  to  Enow  Exactly  What  Elec- 
tricity Is  in  order  to  be  able  to  utilize  electrical  phenomena  to 
serve  his  ends.  It  is  obvious  that  it  is  not  necessary  for  one  to 
know  exactly  what  water  is  when  he  uses  the  energy  of  falling 
water  to  develop  power.  It  is  of  no  great  moment  in  this  case 
that  water  is  composed  of  two  gases.    It  w,  however,  necessary 

*  See  the  author's  Pbactical  Elictbic  Illumination  for  a  much  more  extended  die- 
euarion  of  thia  situation. 
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to  know  h&w  waJter  ads  and  how  it  may  be  used  in  the  develop- 
ment of  power.  The  hydraulic  engineer  must  know  how  to 
utilize  water  practically,  to  make  it  do  work  for  him  but  he  does 
not  have  to  know  the  ultimate  constitution  of  water. 

Likewise,  in  the  development  of  the  ideas  of  practical  elec- 
tricity in  this  book,  the  question  of  what  electricity  is  will  not 
be  discussed  at  great  length.  But  the  descriptions  of  how  it  acts 
and  how  it  can  be  directed  and  controlled  so  as  to  do  useful 
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Fio.  52. — Transmittiiig  energy  with  a  current  of  water. 

work — ring   bells,    furnish  illumination,   transmit  energy  and 
do  similar  things — will  be  treated  at  some  length. 

89.  Electricity  May  Best  Be  Thought  of  as  a  Conveyor  of 
Energy. — As  a  weightless  medium  which  can  carry  energy  just 
as  can  water  (Fig.  52)  or  air.  The  laws  which  govern  the  flow  of 
electricity  in  closed  circuits  are  in  general  similar  to  those  that 
determine  the  flow  of  water  or  air  in  water  or  air  circuits.  Elec- 
tricity is  not  energy  (Art.  169)  any  more  than  the  water  flowing 
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Fio.  63. — Transmitting  energy  with  a  current  of  electricity. 

under  pressure  in  the  pipe  line  of  Fig.  52  is  energy.  Water 
is  matter;  see  Art.  2.  The  water  flowing  in  the  pipe.  Fig.  52, 
is  a  medium  for  transmitting  energy  and  so  is  the  electricity 
flowing  in  the  conductor  of  Fig.  53  a  means  of  transmitting  energy. 

Note. — The  energy  developed  by  the  steam  engine,  Fig.  52,  is  transmitted 
to  the  rotary  pimip  by  means  of  the  belt.  The  rotary  pump  forces  the  water 
around  through  the  pipe  circuit  to  turn  a  water  motor,  which,  by  means  of 
another  belt,  drives  a  line  shaft.  Thus  all  of  these  have  been  mediums  in  the 
transmission  of  energy  from  the  engine  to  the  line  shaft.  (1)  a  6e2t,  (2)  a 
Vump,  (3)  a  current  of  woler^  (4)  a  waler  motor  and  (5)  another  belt.    In  Fig.  53 
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an  electric  generator  or  djmamo  is  substituted  for  the  rotary  pump,  elec- 
tricity conductors  (copper  wires)  for  the  pipe  line  and  an  electric  motor  for 
the  water  motor.  In  Fig.  53,  electricity  instead  of  water  is  the  medium  by 
means  of  which  energy  is  transmitted  over  the  long  distance;  otherwise,  the 
two  transmission  systems  are  somewhat  similar.  In  either  Fig.  52  or  Fig.  53 
a  long  belt  might  have  been  arranged  between  the  engine  and  the  line  shaft 
pulley  and  it  would  transmit  the  energy  as  do  water  or  electricity — ^though 
possibly  not  as  efficiently.  (Obviously,  belt  transmission  over  any  great 
distance  is  not  feasible.)  These  illustrations  have  been  given  to  show  that 
electricity  is  merely  a  medium  for  the  transmission  of  energy  and  that  it  is 
not  energy. 

90.  As  to  What  Electricity  Is  Like,  it  will,  in  the  discussions 
which  follow,  be  of  great  assistance  if  electricity  is  likened  to 
something  with  which  everyone  is  familiar  and  which  can  be 
readily  comprehended.  This  will  enable  the  reader  to  acquire 
a  definite  physical  conception  of  things.  For  the  purposes  of 
this  book  it  can,  then,  be  stated  that  electricity  is  a  something 
permeating  everything.  This  follows  from  the  idea  (Art.  3) 
that  everything — ^all  matter — ^is  composed  of  electrons,  which 
are  particles  of  electricity.  Electricity  acts  as  if  it  were  a  weight- 
less invisible,  nonrcompressible  fluid  permealing  all  space — saturat- 
ing everything.  Note  particularly  that  electricity  is  not  a  fluid — 
this  fact  is  known  definitely.  However,  it  may,  for  our  purposes 
of  explanation,  be  considered  as  acting  like  the  imaginary  special 
kind  of  fluid  described  above. 

Note.  * — We  appear  to  be  getting  back  to  Franklin's  single-fluid  theory  of 
electricity.  The  electric  current  is  believed  to  be  a  movement  of  electrons 
through  a  conductor,  from  the  negative  to  the  positive  instead  of  flowing 
from  the  positive  to  the  negative  as  was  formerly  supposed.  Many  scien- 
tists believe  that  negative  electricity  is  the  only  kind.  '' Positive ''  elec- 
tricity arises  from  alack  of  electrons.  For  example  a  positively  charged 
atom  of  the  metal  helium  is  merely  a  helium  atom  that  has  temporarily  lost 
two  of  its  electrons.  In  theory  the  electron  is  not  a  particle  negatively 
charged  but  is  in  itself  a  negative  charge.  This  is  equivalent  to  8a3dng  that 
matter  is  wholly  electrical. 

The  electron  enters  into  the  structure  of  the  atom,  but  is  the  weight  of  the 
atom  due  entirely  to  the  mass  of  the  electron?  It  is  claimed  that  the  elec- 
tron has  no  weight  in  itself.  Its  apparent  weight  is  due  to  the  adhering 
aether  (Art.  35)  which  it  drags  along  as  it  shoots  through  space.  It  is  like 
stirring  a  bucket  of  fluid  with  a  cane,  a  small  quantity  of  the  fluid  will  tem- 
porarily adhere  to  the  cane  and  be  carried  along  by  it. 

91.  The  Construction  of  Matter  Which  Must  Be  Assumed  if 
Electricity  Is  Considered  as  Being  Analogous  to  a  Fluid  Filling 

*  J.  A.  Culler,  Gbnexlil  Phtucb. 
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All  Space  is  suggested  in  Figs.  54  to  58.  On  this  basis  it  must 
be  assumed  that  every  kind  of  matter  is  composed  of  a  honey- 
comblike structure  comprising  minute  cells  (Fig.  54).  The  cells 
are  all  filled  with  the  imaginary  fluid  which  is  analogous  to  elec- 
tricity. The  walls  of  the  cells  are  composed  of  an  elastic  material. 
But  cell  walls  in  different  kinds  of  materials  are  not  the  same. 
There  is  a  difference  between  the  material  of  the  cell  walls  of 
conductors  (Art.  93)  and  that  of  non-conductors  or  insulators 
(Art.  92)  as  will  now  be  explained: 

92.  In  the  Imaginary  Cell  Walls  of  Insulating  Substances 
(non-conductors  or  dielectrics,  Art.  131)  the  cell-wall  material  is 
assumed  to  be  (Fig.  54,/)   an  elastic  semi-porous  membrane, 
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Fio.  54. — IllustratinK  the  hypothetical  or  imaginary  structure  of  an  insulating 
or  dielectric  material  (cellular  structure;  walls  of  cells  are  elastic  and  of  a  mate- 
rial through  which  the  electricity— '* electric  fluid" —  can  slowly  aoak). 

something  like  semi-porous  sheet  rubber — if  there  could  be  such 
a  thing.  Thus,  a  block  of  any  insulating  substance  (such  as  air, 
hard  rubber,  glass  or  fiber)  may  be  thought  of  as  being  composed 
wholly  of  thousands  of  little  cells  all  having  semi-porous,  elastic 
walls,  each  of  the  cells  being  entirely  filled  with  an  imaginary 
electric  fluid.  When  an  electric  pressure  (voltage.  Art.  117)  is 
impressed  on  such  a  block  of  insulating  material  the  cell  walls 
will  be  caused  to  stretch  in  the  direction  of  the  electric  pressure. 
But  there  will  be  practically  no  flow  of  the  electricity  fluid 
through  the  block  because  the  membrane-like  cell  walls  will, 
largely,  prevent  such  flow.  There  will  be  a  displacement  of  the 
fluid  in  the  direction  of  the  pressure,  because  the  walls  are  elastic 
but  practically  no  actual  flow  through  the  walls. 
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However,  since  no  substance  is  a  perfect  insulator  of  elec- 
tricity (Art.  124)  it  must  be  assumed  that  the  cell  walls  in  the 
so-called  insulating  materials  are  semi-porous.  The  cell  walls 
in  the  materials  which  are  the  best  insulators  would  be  almost 
impervious  to  the  flow  of  the  fluid ;  they  would  have  little  porosity. 
Hence,  when  the  fluid  in  them  was  subjected  to  an  electric 
pressure,  practically  no  current  of  electricity  fluid  would  flow 
through  the  walls,  but  there  would  be  some  flow.  Poor  insulating 
materials  would  have  cell  walls  which  would  be  quite  porous — 
such  walls  might  be  thought  of  as  being  composed  of  an  elastic 
membrane  perforated  with  many  minute  holes.  Thus,  ranging 
between  the  very  porous  elastic  membranes  composing  the  cell 
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Fio.  65. — One  imaginary  cell  from  a 
"very  good  conductor." 
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Fio.  56. — One  imaginary  cell  from  a 
"good  conductor."  (Walls  of  cell 
composed  of  elastic  fibers  woven  or 
joined  into  an  open  tissue.) 


walls  of  poor  insulators  and  the  almost  impervious  membranes 
composing  the  walls  of  the  best  insulators,  there  would  be  wall 
membranes  of  every  degree  of  porosity. 

Note. — If  the  electric  pressure,  which  is  impressed  on  a  block  of  these 
imaginary  cells,  composing  an  insulating  material,  were  so  great  that  the  cell 
walls  would  be  stretched  excessively,  then  they  would  rupture  and  there 
would  be  an  actual  flow  of  the  electric  fluid.  There  would  be  a  disruptive 
discharge.  This  is  what  occurs  when  there  is  a  lightning  discharge  through 
the  atmosphere.  The  air,  an  insulating  material,  is  broken  down  by  an 
excessive  electric  pressure  and  the  lightning-discharge  current  flows. 

92A.  Insulating  Substances  on  the  Basis  of  the  Electron 
Theory,  are  beUeved  to  be  those  substances  in  which  the  elec- 
trons are  held  tightly  bound  in  the  atoms.  Thus  electric  con- 
duction currents  (Art.  104)  can  not  flow  readily  in  an  insulating 
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substance — because  its  elections  can  not  move  from  atom  to 
atom.  Remember  that  there  can  be  an  electric  current  only 
when  electrons  are  moved.  However  the  electrons  in  the  atoms 
of  insulating  substances  can,    probably,  be  moved  or  shifted 


Fig.  57. — Membranes  which  may  be  imagined  as  composing  the  walls  of  the  celli 
of  which  conducting  materials  may  be  assumed  to  be  composed. 

within  the  atoms  themselves  through  very  short  distances,  which 
accounts  for  the  fact  that  displacement  currents  (Art.  105)  can 
exist  in  insulating  substances. 

93.  The  Imaginary  Cell  Walls  of  Conducting  Materials,  such 
as  the  metals,  would  be  composed  of  elastic  fabrics  resembling 
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Fio.  58. — Illustrating  the  hypothetical  or  imaginary  structure  of  fairly  good 
conducting  material. 

netting  as  shown  in  Fig.  58.  While  these  fabric  walls  would  not 
prevent  the  flow  of  the  electric  "fluid"  they  would  tend  to  restrict 
it.  In  the  materials  which  are  the  best  conductors,  copper  or 
silver  for  example,  the  mesh  would  be  very  coarse,  possibly  as 
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suggested  in  Fig.  55.  In  the  materials  which  are  the  poorest 
conductors  the  mesh  would  be  considerably  finer  as  suggested  in 
Fig.  57.  Thus,  the  abiUty  of  the  material  to  restrict  the  flow 
of  the  electricity  fluid  through  it — ^its  electrical  resistance — would 
be  determined  by  the  closeness  of  the  weave  of  the  cell-wall 
material.  A  material  having  in  its  cell  walls  a  fabric  of  very 
coarse  weave  (Fig.  55)  would  have  a  low — very  Uttle — electrical 
resistance.  A  material  having  in  its  cell  walls  a  fabric  of  exceed- 
ingly fine  weave  would  have  a  high  resistance.  In  fact,  the  weave 
might  be  so  fine  that  the  fabric  would  be  merely  a  semi-porous 
membrane,  which  would  put  the  material  into  the  insulator  class 
described  in  the  preceding  article.  Obviously,  there  may  be 
fabrics  of  many  varying  degrees  of  fineness  of  weave  (Fig.  57). 
Thus,  there  are  materials  of  many  degrees  of  resistance. 

93A.  Conducting  Substances  on  the  Basis  of  the  Electron 
Theory  are  believed  to  be  those  substances  in  which  the  electrons 
are  held  rather  loosely  in  their  atoms  and  can  therefore  be  moved, 
with  relative  ease,  from  atom  to  atom  by  the  application  of  an 
electric  pressure  or  voltage.  Thus  conduction  currents  (Art. 
104A)  flow  readily  in  these  substances. 

94.  Electricity  Can  Not  Be  Generated  by  a  dynamo,  a  battery 
or  by  any  other  device.  Contrivances  such  as  batteries  (Art. 
326)  and  generators  (Art.  509),  should  be  regarded  merely  as 
arrangements  whereby  electricity  which  is  already  in  existence 
(electricity  fills  all  space.  Art.  90)  may  be  forced  to  move.  All 
matter — the  earth,  the  envelope  of  air  surrounding  it  and  all  the 
other  things  on  it  and  in  it — may  be  regarded  as  an  enormous 
reservoir  of  electricity.  The  electricity  in  these  things  can,  under 
suitable  conditions,  be  made  to  move.  And  when  electricity 
moves  there  is  an  electric  current.  The  real  function  then  of  a 
generator  or  a  battery  is  to  furnish  a  pressure,  electromotive 
force  or  voltage  (Art.  102)  which  will  cause  electricity  to  shift  or 
move. 

Note. — An  electric  generator  may  be  thought  of  as  an  electricity  force 
pump  (Pig.  53)  which  forces  electricity  to  circulate  around  in  a  circuit  just  as 
a  hydraulic  force  pump  may  force  water  to  circulate  around  in  a  hydraulic 
circuit. 

96.  Generation,  Transmission  and  Conversion  of  Electrical 
Energy. — While  electricity  can  not  be  generated,  it  is  entirely 
proper  to  speak  of  the  generation  of  electrical  energy,  which  sub- 
ject is  discussed  at  some  length  under  Art.  178.    The  study  of 
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practical  electricity  may  be  conveniently  thought  of  as  being 
divided  into  the  three  sub-subjects  noted  in  the  heading  to  this 
article  because  where  electrical  energy  is  used  it  is  always:  (a) 
generated  by  some  means  or  other,  (6)  transmiUed  to  the  location 
where  it  is  to  be  utilized,  and  it  is  then  (c)  converted  into  heat, 
Ught,  mechanical  power  or  into  some  other  agent. 

Example. — Even  in  one  of  the  simplest  electric  circuits,  a  vibrating-bell 
circuit  (Fig.  59),  the  electrical  energy  is  (a)  generated  by  the  dry  cell,  (6) 
transmitted  over  the  small-wire  circuit  and  (c)  converted  into  sound  by  the 
electric  bell.  Figs.  52  and  53  also  show  examples  of  this  generation-trans- 
mission-and-conversion  idea. 

96.  Potential  means  electrical  level  as  the  word  "level"  is  used 
in  hydraulics  and  is  conveniently  substituted  for  the  indefinite 
term  "electrical  condition."  (Potential  may  be  thought  of  as 
analogous  to:  (1)  pressure  of  gases,  (2)  head  or  level  of  liquids 


Fio.  59. — Generation  and  transmission  of  electrical  energy  to  an  electric  bell. 

and  (3)  temperature  of  heat.)  Electricity  always  flows — or  tends 
to  flow — ^from  points  of  higher  potential  to  points  of  lower  poten- 
tial. Hydraulic  pressure,  or  head,  due  to  differences  of  water 
level,  causes  water  to  flow.  Pressures  (voltages,  Art.  102)  due 
to  differences  in  electrical  potential  cause  electricity  to  flow. 
Differences  in  electrical  potentials  can  be  measured  in  volts  (Art. 
120).  If  the  difference  of  potential  (or  voltage.  Art.  120)  be- 
tween two  points  is  great  there  will  be  a  great  tendency  to 
produce  a  flow  of  current  between  them.  If  the  potential  dif- 
ference is  small,  there  will  be  little  tendency.  If  their  potentials 
are  equal,  there  will  be  no  tendency. 

In  dealing  with  heat  it  is  necessary  to  adopt  some  starting  or 
reference  point  for  the  measurement  of  temperatures.  It  has 
been  universally  agreed  that  in  the  centigrade  system  we  will 
call  the  temperature  of  freezing  water  "zero"  temperature — for 
no  other  reasons  except  that  it  is  convenient  and  that  the  thing 
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started  that  way.  All  temperatures  hotter  than  that  of  freezing 
water  are  referred  to  as  "above  zero."  All  temperatures  colder 
than  that  of  freezing  water  are  referred  to  as  "below  zero." 
Some  other  arbitrary  standard,  as  for  instance  the  temperature 
of  boiling  water,  might  have  been  adopted  and  called  zero  and 
other  temperatures  measured  as  above  or  below  that.  However, 
the  freezing-water  standard  was  adopted,  every  one  understands 
it,  it  is  convenient;  hehce  we  continue  to  use  it.  Likewise,  in 
deaUng  with  hydraulic  levels  or  electrical  potentials,  it  is  also 
necessary  to  indicate  or  assimie  some  reference  level  or  potential. 

Example. — The  surface  of  the  water  in  the  reservoir  (Pig.  60)  is  200  ft. 
above  the  sea  level  and  this  difference  in  level  is  equivalent  to  87  lb.  per  sq. 
in.  pressure  as  shown  by  pressure  gage  B,    The  sea  level  is  the  reference  level 
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Fio.  60. — Illustrating  the  meaning  of  the  term  "potential." 


in  this  case.  Or  the  reservoir  level  may  be  150  ft.  above  the  level  of  the 
water  in  the  canal,  which  is  equivalent  to  65  lb.  per  sq.  in.  pressure  as  shown 
by  gage  C,  The  level  of  the  canal  is  50  ft.  above  that  of  the  sea  and  the 
equivalent  pressure  is  22  lb.  per  sq.  in.  on  gage  A.  It  is  apparent  that  any 
level  must  be  referred  to  as  being  above  or  below  some  reference  level. 

Returning  to  electricity:  Level  is  analogous  to  potential; 
poimds  per  sq.  in.  is  analogous  to  voUa  (Art.  120).  As  a  conven- 
ient standard  reference  potential,  zero  is  usually  taken  as  the 
potential  of  the  earth's  surface.  Therefore,  the  potential  of  a 
body  or  of  some  point  may  be  87  volts  above  that  of  the  earth 
or  it  may  be  but  65  volts  above  the  potential  of  another  body 
that  has  a  potential  22  volts  above  that  of  the  earth.  The 
potential  of  the  surface  of  the  earth  has,  then,  been  arbitrarily 
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taken  as  zero  potential  and  it  is  the  standard  reference  potential 
unless  otherwise  stated. 

Note. — Since  the  earth  is,  in  general,  a  good  conductor,  all  portions  of  it 
must  be  at  the  same  potential.  Mud,  water,  rocks,  mountains,  valleys  and 
the  Uke  may  affect  this  somewhat,  so  that  all  points  on  the  earth's  surface 
may  not  be  at  exactly  the  same  potential.  This  difference  of  potential  at 
different  points  does  not  interfere  with  its  convenience  as  a  standard.  For 
a  thorough  earth  or  ground  connection  connect  to  some  extensive  under- 
ground piping  system. 


H  -tHimp  Ma'nloining  Difference  in  Level  -  Current  Flowing 

Fig.  60A. — Production  of  a  current  of  water  in  a  hydraulic  circuit. 

97.  Whenever  Two  Points  at  Different  Electric  Potentials 
Are  Connected  by  a^  Conductor,  a  transference  of  electricity  oc- 
curs through  the  conductor,  producing  an  electric  current.  But 
if  by  any  suitable  arrangement  (Fig.  60A  shows  an  analogy) 
such  as  a  generator  or  a  battery  the  difference  of  potential  be 
maintained  constant,  the  flow  of  electricity — the  current — is 
continuous. 

97 A.  The  Terms  Positive  Polarity  and  Negative  Polarity  or 
Positive  Terminal  and  Negative  Terminal  are  best  defined  on  the 
basis  of  the  concept  of  potential.  An  electric  current  always 
flows  from  a  point  of  higher  potential  to  a  point  of  lower  potential 
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(Art.  96).  It  follows  from  this  that  the  positive  pole  or  ter- 
minal, Pd  (that  is,  the  binding  post  to  which  the  line  wire  is  con- 
nected), of  an  electrical-energy-delivering  device  (D,  Fig.  60B), 
is  the  terminal  from  which  the  cm-rent  flows  from  that  device 
to  the  external  circuit  and  its  negative  terminal,  Nd,  is  the  one 
into  which  the  cm^rent  flows  from  the  external  circuit.  For  en- 
ergy-receiving or  energy-consuming  devices,  the  positive  ter- 
minal, Pr,  is  the  one  into  which  the  current  flows  from  the 
external  circuit  and  the  negative  terminal,  Nr,  is  the  one  from 
which  the  current  flows  to  the  external  circuit. 

Note. — Since,  Art.  36C,  the  electron  current  actually  flows  from  negative 
to  positive,  the  positive  terminal  of  a  delivering  device  is  the  terminal  of  that 
device  into  which  the  electrons  really  flow,  while  the  negative  terminal  of 
a  delivering  device  is  the  terminal  out  of  which  the  electrons  flow. 

Note. — Refer  to  Arts.  112  and  552  for  the  definition  of  the  positive  direc- 
tion and  the  negative  direction  of  current.    See  Art.  203  for  the  method  of 
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60B. — Illustrating  the  meaning  of  positive  and  negative  terminals  ('*  +*' 
denotes  positive  terminals  and  '*  —  ",  negative  terminals). 


determining  polarities.  In  Art.  334  find  an  explanation  of  positive  and 
negative  polarities  as  the  terms  are  applied  to  cells  and  batteries.  In  Art. 
521  the  meaning  of  positive  and  negative  direction  of  rotation  is  explained. 

98.  Atmospheric  Electricity. — The  atmosphere  (that  is,  the 
minute  particles  of  gases,  vapors  and  other  matter  composing  it) 
surrounding  the  earth  is  always  electrically  "charged"  that  is  it 
is  always  in  a  state  of  electric  stress.  This  condition  is,  possibly, 
due  to  some  extent  to  the  evaporation  from  the  oceans  and  other 
bodies  of  water.  However,  it  has  been  shown  that  the  earth 
(which  is  negatively  charged)  is  continually  discharging  into  the 
atmosphere,  which  is  an  exceedingly  poor  conductor.  This  rate 
of  discharge,  though  infinitesimal  for  a  square  foot  or  even  a 
square  mile  of  the  earth's  surface,  has  been  computed  to  be  a 
constant  current  of  over  1,000  amp.  (Art.  122)  for  the  entire 
earth's  surface.  No  satisfactory  explanation  as  to  the  source  of 
this  supply  of  negative  electricity  has  been  advanced.  In 
fact,  the   phenomenon   of   atmospheric   electricity  has  never 
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been  explained.    Thunder  and  lighting  storms  are,  in  some  way 
or  other,  associated  with  atmospheric  electricity. 

Note. — Observers  have  noted  in  certain  cases  a  difference  of  potential  of 
as  much  as  20  volts  between  points  a  foot  apart  vertically  in  the  atmosphere. 
A  difference  of  potential  as  great  as  200  volts  per  ft.  has  been  recorded. 
Usually,  in  fine  weather,  the  atmosphere  is  positively  charged  in  relation  to 
the  earth's  surface.  During  rainy  weather  it  is  usually  negative  but  may  be 
positive. 

99.  The  Aurora  Borealis  (Northern  Lights)  and  the  Aurora 
Australis  (Southern  Lights)  are  phenomena  which  are  observed 
(Fig.  61)  almost  nightly  within  the  Arctic  and  Antarctic  circles,  that 
is,  near  the  two  poles  of  the  earth.  Further  away  from  the  poles 
they  are  seen  occasionally.    The  northern  Ughts  and  the  southern 


FiQ.  61. — The  Aurora  Borealis  or  Northern  Lights. 

Ughts  appear  to  be  the  same  phenomena  except  as  to  location. 
Frequently  the  Aurora  appears  as  a  number  of  dim  streaks  or 
streams  of  pale  Ught.  There  may  be  a  tinge  of  red  or  other  colors 
in  the  streams.  The  streaks  radiate  into  a  fan-Uke  form  as  shown 
in  the  illustration.  Often  a  trembling,  flowing  motion  is  ob- 
servable in  the  streaks.  The  Aurora  sometimes  extends  over  the 
entire  sky.  When  the  Aurora  appears,  compass  needles  and 
telegraph  lines  are  affected — sometimes  over  extensive  areas. 
It  appears  that  the  Aurora  often  does  not  affect  the  atmospheric 
electrical  conditions  over  any  portions  of  the  globe  except  those 
near  the  poles. 

The  Explanation  op  the  Aurora  on  the  Basis  op  the  Electron 
Theory  is  this:  It  is  believed  that  electrons  are  constantly  being  thrown  off 
by  the  sun.    Electrons  are  discharged  by  aU  incandescent  bodies.    This 
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stream  of  electrons  really  constitutes  a  super-enormous  stream  of  cathode 
rays  (Art.  6).  Cathode  rays  are  visible  in  a  partial  vacuum — like  that  which 
surrounds  the  atmosphere  which  envelops  the  earth — but  they  are  not  visi- 
ble in  the  atmosphere.  The  Aiux>ra,  it  is  likely,  is  due  to  streams  of  these 
cathode  rays  entering  the  poles  of  the  earth.  Cathode-ray  streams  are 
deflected  by  a  magnetic  field.  This  is,  probably,  the  reason  why  the  rays 
appear  only  near  the  poles  of  the  earth.  The  earth  is  a  magnet  (Art.  51)  and 
its  magnetic  field,  so  it  has  been  suggested,  prevents  the  cathode  streams 
from  approaching  the  earth  except  near  its  poles. 


SECTION  4 


CURRENTS  OF  ELECTRICITY 

100.  Electricity  in  Motion  Is  Called  an  Electric  Current.— 
Electric  currents  are  of  immense  commercial  importance  some 
of  their  useful  properties  being  (see  also  Fig.  4) : 

(a)  Their  ability  to  transmit  power,  almost  instantaneously,  along 
metallic  conductors  of  great  length. 

(b)  Their  ability  to  magnetize  iron  and  steel  when  conducted  around  the 
metal;  iron  temporarily  and  steel  permanently.  See  Art.  204,  "Electro- 
magnetism."  In  Fig.  62,7  a  bar  of  iron  is  shown  that  is  so  magnetized  by  a 
current  of  electricity  in  the  wire  wrapped  around  it  that  it  supports  a 
weight. 

fne//^  for 
orrymg  Conductors 


I-Magnetli««l  Bar 
Holding  Weight 


l-Repulsion  by  Magnetic  Fields 
Fio.  62. — Some  eCFects  of  current  electricity. 


(c)  Its  ability  to  create  magnetic  fidde  (Art.  61)  which  may,  according  to 
the  direction  of  current  flow,  either  attract  or  repel  other  magnetic  fields. 
If  two  conductors  carrying  current  are  arranged  as  shown  in  Fig.  62,//, 
magnetic  fields  will  be  created  about  both  conductors  by  the  current  of  elec- 
tricity. If  the  loop  with  the  handle  be  brought  near  to  the  pivoted  loop,  the 
pivoted  loop  will  deflect  or  rotate.  It  is  repelled  by  the  interaction  of  the 
magnetic  fields  produced  by  the  currents  flowing  through  the  two  loops. 
This  experiment  indicates,  in  an  elementaiy  way,  the  principle  of  operation 
of  the  electric  motor. 

(d)  Its  ability  to  generate  an  induced  current  in  a  neighboring  circuit  by  its 
own  variation.  If  the  key  shown  in  Fig.  63,/  be  pressed,  an  instantaneous 
current  of  electricity  will  be  induced  in  loop  B  and  its  presence  will  be  indi- 
cated by  a  momentary  flutter  of  the  delicate  measuring  instrument  shown. 
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When  the  key  is  released,  another  instantaneous  electrical  current  will  be 
induced  in  B  but  it  will  be  in  an  opposite  direction  from  the  first.  See  Art. 
454. 

(e)  Its  ability  to  heat  conductors  of  high  resistance  (Art.  155)  to  incan- 
descence. Electricity  flowing  in  the  filament  of  carbon  or  of  tungsten  in  an 
incandescent  lamp  heats  it  as  shown  in  Fig.  63,7/  and  the  white-hot  fila- 
ment gives  forth  light. 

(/)  Its  ability  to  transfer  metal  by  electro-chemical  action,  from  one  of  two 
metallic  plates  in  a  conducting  solution,  to  the  other  plate.  In  Fig.  63,7/7, 
electricity  flowing  from  A  to  B  will  "eat"  metal  away  from  A  and  deposit  it 
on  B,  This  illustrates  the  principle  of  electroplating  (Art.  384),  of  electro- 
typing  (Art.  385),  of  electrolysis  of  underground  pipes  (Art.  383)  and  of  other 
electro-chemical  phenomena. 

101.  An  Electric  Current  is  electricity  (electrons)  in  motion. 
A  current  of  water  in  a  pipe  is  water  in  motion  in  that  pipe. 
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Fio.  63. — More  effects  of  current  electricity. 
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Likewise,  a  current  of  electricity  in  a  wire  is  electricity  (electrons) 
in  motion  in  that  wire.  In  accordance  with  the  fundamental 
analogy  of  electricity  outlined  in  Art.  90,  all  matter  may  be 
thought  of  as  being  permeated  or  saturated  with  electricity.  An 
electric  current  is  established  when  this  electricity  is  caused  to 
move. 

102.  An  Electromotive  Force  (E.m.f.)  or  Voltage  is  the  name 
which  has  been  given  to  that  force  which  causes  electricity  to 
move — which  drives  or  impels  electricity.  E.m.fs.  and  the 
unit,  the  volt,  in  which  they  are  measured  are  discussed  in  detail 
in  Art.  120.  For  the  present  note  that  if  an  e.m.f.  is  applied  to 
a  closed  or  complete  conducting  circuit,  it  (the  e.m.f.)  will  force 
the  electricity  already  in  the  metal  or  material  of  that  circuit  to 
circulate  or  flow  around  in  the  circuit.  An  analogous  phenome- 
non occurs  if  a  hydraulic  pump,  which  is  developing  a  hydraulic 
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pressure,  is  connected  into  a  hydraulic  or  pipe  circuit  already  full 
of  water.  The  pump  will  cause  the  water  to  circulate  or  flow 
around  in  the  circuit.  The  result  is  a  current  of  water.  If  the 
pressure  exerted  by  the  pump  is  discontinued,  the  current  of 
water  will  cease  to  flow  around  in  the  pipe  circuit.  When  the 
source  of  e.m.f.  (electromotive  force)  is  disconnected  from  an 
electric  circuit,  the  electricity  which  was  flowing  therein  will  then 
cease  to  move.  That  is,  there  will  then  no  longer  be  an  electric 
current.  It  must  now  be  obvious  to  the  reader  how  the  term 
e.m.f.  originated. 

Note. — Think  of  an  e.m.f .  as  something  intangible — merely  a  force  which 
pushes  the  electrons  along,  something  like  the  force  exerted  by  a  pump. 
You  see  the  effects  of  the  force  and  know  that  it  is  there  but  you  cannot  see 
the  force. 

103.  All  Electric  Currents  May  Be  Classified  into  Three 
General  Divisions. — ^An  electric  current  was  defined  in  Art.  101 
as  electricity  in  motion.  Whenever  electricity  is  moved  then 
this  movement  constitutes  an  electric  current.  There  are,  as 
will  be  shown  in  following  articles,  three  well-defined  types  or 
classes  of  electricity  movement.  It  follows,  therefore,  that  there 
may  be  three  different  sorts  of  electric  currents.    They  are: 

(a)  Conduction  currents. 

(6)  Displacement  currents. 

(c)  Convection  currents. 
These  three  different  sorts  may  be  further  classified  into  sub- 
classes as  described  in  Arts.  110  to  116.  The  three  different  kinds 
of  currents,  a,  b  and  c,  are  tabulated  above  in  the  order  of  their 
probable  importance  to  readers  of  this  book.  Each  is  treated  in 
a  following  article.  The  intensity  of  any  electric  current  can 
be  measured  in  amperes.  Art.  122. 

lOL  A  Conduction  Current  is  an  electric  current  which  will 
flow  in  a  conductor,  which  forms  a  closed  circuit,  if  some  source 
of  e.m.f.  is  inserted  in  that  circuit.  As  long  as  the  e.m.f.  is  im- 
pressed on  the  circuit  the  conduction  current  will  flow.  When 
the  e.m.f.  is  removed,  the  current  will  cease.  A  water  current  in 
a  pipe  circuit,  Fig.  62,  may  be  likened  to  an  electric  conduction 
current,  in  an  electric  conductor,  Fig.  63.  Hence,  any  current  in 
a  conductor  is  a  conduction  current.  It  follows  that  most  of  the 
electric  currents  with  which  the  practical  man  deals  are  conduc- 
tion currents  since  most  of  the  currents  in  which  he  is  interested 
are  conveyed  by  wires. 
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104A.  The  Explanation  of  a  Conduction  Current  on  the  Basis 
of  the  Electron  Theory  is,  probably,  something  like  that  dia- 
grammed in  Fig.  63A.  Where  AB  is  supposed  to  be  a  conductor 
substance  composed  of  atoms  (which  of  course  are  enlarged 
many,  many  thousand  times  in  the  illustration),  each  atom  com- 
prising electrons  revolving  about  the  center  of  the  atom.  Now 
assume  that  an  e.mi.  or  voltage  is  impressed  across  A,B. 
There  will,  then,  be  a  tendency  for  the  transference  of  elec- 
trons— an  electron  current  (Art.  36C) — ^from  A  to  B. 


,1      .'"/'%•.   A-'%  ■!t'>N\    /V"*"^  h"'^!.--  *:*^>'>\<'»--.N   •■y*t>       a  I 


1- Current  in  Conductor 
Fig.  63A. — Diagrammatic  representation  of  the  phenomena  of  an  electron  cur- 
rent in  a  conductor. 


Explanation. — This  transference  probably  occurs  somewhat  as  shown 
at  Fig.  QSAfllf  wherein  electrons  are  forced  from  atom  to  atom,  from  A 
U>  object  B,  Fig.  63B,  an  enlarged  diagram,  illustrates  in  more  detail,  the 
probable  process  of  the  transference  of  electrons  between  atoms.  To 
appreciate  how  this  transfer  occurs,  imagine  a  row  of  boys  (Fig.  63C)  stand- 
ing between  two  boxes  of  baseballs,  D  and  E.  Assume  that  each  boy  has  one 
baseball  in  one  of  his  hands  and  in  addition  one  in  each  of  his  four  pockets. 
That  is,  each  boy  is  holding  five  balls.  By  stretching  our  imaginations,  we 
can  liken  each  of  the  boys  with  the  five  balls  he  is  holding,  to  an  atom  of  a 
conductor.  The  five  balls  correspond  to  the  five  constituent  electrons  of  an 
atom. 

Now  to  start  a  current  of  baseballs  along  through  this  series  of  boys,  boy 
O  would,  with  his  left  hand,  place  one  of  his  balls  in  box  E  and  at  the  same 
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Fio.  63B. — Showing  how  the  electrons  pass  from  atom  to  atom  in  "flowing" 
through  a  conductor.  (In  /  no  current  is  flowing.  Current  starts  in  //  and 
electrons  M,  N  and  O  are  forced  to  transfer  between  atoms.  The  electrons  of  the 
different  atoms  are  shown  by  different  symbols  in  the  picture  so  that  it  will  be 
easier  to  understand  just  how  the  transfer — current  flow — takes  place.  Actually, 
so  it  IB  believed,  all  electrons  are  exactly  alike.  In  ///,  electrons  M  and  N  have 
assumed,  temporarily,  positions  in  the  atoms.  But,  an  instant  later,  other 
electrons.  P,  Q  and  R  are  forced  along  between  the  atoms.  This  process  con- 
tinues as  long  as  the  current  flows.) 
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time  receive  with  his  right  hand  a  ball  from  his  neighbor  on  the  right,  each 
of  the  other  boys  would  simultaneously  hand  to  his  neighbor  on  his  left  one 
of  the  balls  and  at  the  same  time  F  would  take  another  ball  from  box  D. 
Thus,  each  boy  always  has  five  balls.  So  long  as  the  bo3rs  continued  handing 
baseballs  along  the  line,  there  would  be  a  current  of  the  spheres  flowing  from 
Dto  ^. 

Thus  while  current  flows  in  the  conductor,  the  process  is  somewhat  similar 
to  that  suggested  in  Figs.  63A,  and  63B.    The  electrons  are,  as  long  as  the 


Fio.  63C. — BoyB  in  a  row  passing  base  balls  from  one  to  another  (analogous 
to  the  movement  of  electrons  from  atom  to  atom  when  a  current  of  electricity- 
electrons — flows  in  a  conductor.) 

current  flows,  being  transferred  between  the  atoms  in  the  conductor. 
When  an  atom  receives  an  electron  from  its  neighbor  on  one  side,  it  at  the 
same  time  gives  up  an  electron  to  its  neighbor  on  the  other  side.  Simul- 
taneously other  atoms  in  the  conductor  are  doing  the  same  thing,  and  they 
can  do  this,  probably,  only  because  the  structure  of  conductor  materials  is 
such  that  the  atoms  can  part  readily  with  their  constituent  electrons. 

When  the  string  of  boys  in  Fig.  63C  passed  the  baseballs  to  one  another,  the 
flow  of  baseball  current  from  Dto  E  wafl  due  to  the  muscular  efforts  of  each 


Fio.  63D. — Pneumatic  analogy  to  a  negative  and  a  positive  electrification. 

boy  in  the  string.  But  in  the  case  of  the  electric  current  of  Fig.  63 A,// 
the  transfer  of  electrons  is  not  due  to  the  efforts  of  the  atoms.  The  electrons 
are  forced  along  the  conductor  because  of  the  electromotive  force  applied 
across  AB,  They  are  forced  from  A^  to  B*  in  somewhat  the  same  way  that 
air  would  be  forced  from  a  tank  containing  compressed  air  (Fig.  63D) 
into  one  containing  a  vacuum.  It  could  be  stated  that  the  tank  Ti  is  nega- 
tively charged  with  air  because  the  pressure  of  the  air  in  it  is  in  excess  of 
the  pressure  of  the  surrounding  atmosphere,  likewise  it  could  be  stated  that 
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tank  T%  is  positively  charged  because  the  air  in  it  is  at  a  lesser  pressure  than 
that  of  the  surrounding  atmosphere. 

104B.  The  Speed  or  Velocity  of  a  Conduction  Current  is,  prob- 
ably, much  lower  than  is  usually  imagined.  The  moving  elec- 
trons which  constitute  the  current  "move  very  slowly,*  perhaps 
only  several  inches  per  minute."  The  speed  of  a  current  should 
not  be  confused  with  the  velocity  of  propagation  of  electric  im- 
pulses through  space,  which  is  equal  to  the  velocity  of  light  or 
186,000  miles  per  second. 

'^  Note. — It  requires  but  a  small  fraction  of  a  second  for  a  signal  transmitted 
electrically  from  one  end  of  an  electric  circuit  to  reach  the  other  end.  This 
fraction  of  a  second  is  the  time  interval  required  for  getting  the  electrons  in 
that  circuit  into  motion.  An  analogous  situation  is  this :  With  the  hydraulic 
circuit  of  Fig.  93,/»  there  would  be  but  a  short  time  interval,  after  the  pump 
was  started,  before  the  water  motor  would  start  although  the  piunp  might 
be  rotating  and  the  water  in  the  circuit  moving  very  slowly. 

106.  A  Displacement  Current  is  a  current  which  flows  momen- 
tarily in  a  dielectric  or  insulating  material  when  an  e.m.f.  is 
impressed  across  that  material  or  when  an  e.m.f.  impressed  on 
the  material  is  changed  in  intensity.  When  an  e.m.f.  is  impressed 
across  a  block  of  an  insulating  substance  a  charging  or  capacity 
current  will  flow  momentarily  in  the  direction  of  the  e.m.f. 
Referring  to  the  cell-structure  analogy  of  Fig.  54,  an  impressed 
electric  force  will  force  the  electricity  fluid  in  the  cells  to  shift 
until  the  elastic  reaction  of  the  cell  walls  prevents  any  further 
shifting.  The  electricity  fluid  in  the  cells  is  thus  displaced  or 
moved— and  this  constitutes  a  displacement  current.  So  long 
as  the  impressed  e.m.f.  is  continued,  without  variation  in  in- 
tensity, across  the  block  of  insulating  material,  the  cell  walls 
will  remain  in  the  stressed  position.  But  the  displacement 
current  flows  only  when  the  electricity  fluid  is  shifting  or  being 
displaced.  When  there  is  no  displacement  of  the  fluid  there  is 
no  displacement  current.  But,  now,  if  the  impressed  e.m.f.  is 
removed,  the  walls  will,  by  virtue  of  their  elasticity,  return  to  their 
original  unstressed  positions.  Again,  there  would  be  a  shifting 
of  electricity  fluid  but  this  time  its  direction  would  be  the  reverse 
of  that  occurring  when  the  e.m.f.  was  impressed  on  the  block  of 
material.  Hence,  again,  there  would  be  a  displacement  cur- 
rent— ^but  in  the  opposite  direction.  A  consideration  of  the 
situation  will  render  it  obvious  that  whenever  there  is  a  change  in 

^Comstock  and  Troland,  The  Nature  op  Mattbb  and  Electbicitt,  D.  Van  Nottrand, 
pace  24. 
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the  intensity  of  impressed  e.rni.  a  displacement  current  will 
jBiow. 

Example. — The  momentary  current  which  flows  when  a  permittor  or 
condenser  (Art.  753)  is  charged  or  discharged  is  a  displacement  current. 

NoTB. — For  an  alternating  e.mi.  (Art.  429)  there  may  be  a  corresponding 
alternating  displacement  current.  For  a  continuous  (Art.  108)  e.m.f.,  the 
displacement  current  will  be  zero  when  the  stress  in  the  "stretched  "  dielec- 
tric balances  the  electric  force  to  which  the  strain  ia  due. 

106.  Convection  Currents  are  those  currents  which  are  due  to 
the  movement  of  electricity — electrically  charged  particles 
(ions)  or  electrons — through  electrolytes  (Art.  336)  and  gases. 
An  example  of  a  convection  current  is  the  flow  of  charged 
particles  in  mercury  vapor  lamps  and  rectifiers. 

107.  A  Direct  Current  is  a  unidirectional  current,  that  is,  one 
that  always  flows  in  the  same  direction.    Such  a  current  may 
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Fio.  64. — Graph  of  a  continuous  direct  current. 

vary  in  intensity  (amperes)  but  must  always  flow  the  same  way. 
A  direct  current  may  be  continuous  or  pulsating  or  constant. 
Read  Art.  112,  "Positive  and  Negative  Directions." 

Examples. — Figs.  64,  65  and  66  all  show  graphs  of  direct  curreuts. 

108*  A  Continuous  Current  is  a  steady,  or  non-pulsating  direct 
current — a  current  that  always  flows  in  one  direction.  The 
direct  currents  used  for  commerical  lighting  and  power  service 
are  direct  currents.  Their  ampere  values  may  not  be  constant 
but  they  always  flow  in  the  same  direction  and  they  are  non-pul- 
sating. Obviously,  a  "continuous"  e.m.f.  is  necessary  for  the 
production  of  a  continuous  current. 

Example. — ^Fig.  64  illustrates  the  graph  of  a  continuous  current.  The 
current  values  change  from  second  to  second  making  the  current  graph 
irregular  but  there  are  no  regular  pulsations  in  it  as  there  are  in  the  graph  of 
Fig.  65.  In  Fig.  64,  at  different  times  the  current  is  as  high  as  100  amp.  and 
at  others  it  is  as  low  as  20  amp.,  but  it  is  always  in  the  same  direction. 
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109.  A  Constant  Current  is  one  that  continues  to  flow  for  some 
time  with  unvarying  strength.  A  constant  current  may  be 
either  alternating  or  direct.  A  direct,  constant  current  is  also 
of  course  a  continuous  current. 

Example. — Fig.  66  shows  the  graph  of  a  direct,  constant  current  in  which 
the  current  value  is  constantly  80  amp.  Constant  currents  are  used  com- 
mercially for  series  arc  and  incandescent  lighting  service — ^both  direct  and 
alternating  current. 
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Fio.  65. — Graph  of  a  direct,  pulsating  current. 

110.  A  Pulsating  Current  is  a  regularly  varying  or  continuous 
current.  Pulsating  currents  are  rarely  employed  in  practical 
electrical  work. 

Example. — Probably  the  most  familiar  example  of  a  pulsating  current  is 
that  that  flows  through  an  electric  vibrating  bell  circuit  (Art.  285).  Each 
time  the  armature  is  attracted  to  the  magnet  the  circuit  is  broken  and  the 
current  ceases  to  flow.  When  the  armature  flies  back  the  circuit  is  com- 
pleted and  the  current  flows  again.    This  produces  a  true  pulsating  current 
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Fig.  66. — Graph  for  a  direct  constant  current. 

in  the  electric  bell  circuit.  Fig.  65  shows  the  graph  of  a  pulsating  current 
which  attains  a  value  of  100  amp.  every  0.2  sec.,  and  decreases  to  60  amp. 
every  0.2  sec.  If  we  start  at  3  o'clock  the  current  in  the  circuit  would  at  that 
instant  be  60  amp.,  at  0.1  sec.  after  3  the  current  would  be  100  amp.,  at  0.2 
sec.  after  3  the  current  would  again  be  60  amp.,  and  so  on. 

111.  An  Oscillatory  or  Oscillating  Current  is  one  which  is 
periodically  alternating  in  direction  and  of  decreasing  ampUtude, 
Oscillating   currents   are  seldom  encountered  by  the  central- 
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station  man  during  normal  operation.  They  may  occur  at  times 
of  disturbances — when  circuits  are  opened  and  closed  and  during 
lightning  storms.  Lightning-discharge  currents  have  been  gen- 
erally thought  to  be  oscillatory  in  character  but  there  is  now  a 
difference  of  opinion  in  regard  to  this  point. 

Example. — Fig.  67  shows  the  graph  of  an  oscillating  current.     Suppose  we 
imagine  that  the  graph  starts  at  2  o'clock.     At  0.1  sec.  after  2  a  current  of 


0.1     g?     Q3     a4    as     ae     a?     as     m     lO     ti      u 


!s: 


120 
80 


408 


40^ 


«0 

120 


Fio.  67. — Graph  of  an  OBcillating  current. 

100  amp.  is  flowing  in  the  circuit  in  a  +  or  positive  direction.  At  0.2  sec. 
after  2  the  current  has  decreased  to  zero  and  no  current  is  flowing.  At  0.3 
sec.  after  2  the  current  is  reversed  and  is  flowing  in  a  —  or  negative  direction 
and  its  value  is  80  amp.  At  0.4  sec.  after  2  the  current  is  again  zero.  At 
0.5  sec.  after  2  it  is  flowing  in  a  +  or  positive  direction  and  its  value  is  60 
amp.  Thus  the  current  continues  to  reverse  in  direction  and  decrease  in 
value  until  about  1.3  sec.  after  2  it  has  died  down  to  zero — that  is  there  is  no 
current  flowing.    This  is  an  example  of  an  oscillating  current. 
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Fio.  68. — Graph  of  a  25-cycle  alternating  current. 

112,  Meaning  of  "Positive  (+)  Direction*'  and  "Negative 
(-)  Direction.** — When  we  say  that  "a  current  is  flomng  in  a 
poHtive,  +  {or  negative ,  — )  direction^'  this  has  nothing  to  do  with 
positive  and  negative  polarities.  Any  direction  can  be  assumed 
as  positive,  then  the  opposite  direction  will  be  negative.  If  the 
positive  direction  is  assumed  to  be  from  left  to  right  in  a  conduc- 
tor, then  the  negative  direction  in  that  conductor  is  from  right 
to  left.  Likewise,  in  plotting  graphs  like  that  of  Fig.  68,  it  is 
usually  assumed  that  the  values  of  the  currents  that  are  flow- 
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ing  in  a  positive  direction  (assumed)  are  plotted  above  the  zero 
(0)  line  while  values  of  currents  that  are  flowing  in  the  opposite 
or  negative  direction  are  plotted  below  the  zero  line.  (See  also 
second  note  under  Art.  97A.) 

Example. — If  we  assume  that  a  current  flowing  in  the  circuit  of  Mg.  69 
from  A  through  the  motor  to  B  is  flowing  in  a  positive  or  +  direction,  then  a 
current  flowing  in  the  opposite  direction  in  that  circuit,  or  from  B  through 
the  motor  to  A,  is  flowing  in  a  negative  or  —  direction. 


Fio.  69. — Ammeter  in  an  alternating-current  circuit. 

113.  An  Alternating  Current  is  one  that  reverses  its  direction 
at  regular  intervals.  (Alternating  currents  will  be  only  defined 
and  briefly  discussed  here;  they  are  treated  at  length  in  Sec.  41 
of  this  book.)  Or  to  be  more  specific:  it  is  usually  taken  as  a 
current  which  reverses  in  direction  at  regular  intervals,  increasing 
from  zero  to  its  maximum  strength  and  decreasing  to  zero  with 
the  current  flowing  in  one  direction  and  then,  with  the  current 
flowing  in  the  opposite  direction,  similarly  increasing  to  a  maxi- 
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FiQ.  70. — Graph  of  a  60-cycle  sine-wave  form  alternating  current. 

mum  and  again  decreasing  to  zero.  The  current  continues  to 
rapidly  vary  thus  in  direction  and  in  strength  (60  times  a  second 
for  a  60-cycle,  Art.  683,  circuit)  as  long  as  the  circuit  remains 
closed.  Figs.  68  and  70  show  respectively  the  curves  of  a  25-cycle 
(Art.  683)  and  a  60-cycle,  alternating  current,  both  plotted  to  the 
same  scale. 

Example. — Fig.  71,/  and  //  show  hydraulic  analogies  of  direct-  and 
alternating-current  circuits.  The  hydraulic  circuit  at  /  corresponds  to  a 
direct-current  electric  circuit.  As  the  centrifugal  pump,  which  corresponds 
to  a  direct-current  generator,  operates,  it  creates  a  continuous  pressure 
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(voltage)  which  is  always  in  the  same  direction  and  which,  therefore,  forces 
the  current  of  water  around  the  circuit — always  in  the  same  direction.  The 
hydraulic  circuit  of  //  corresponds  to  an  alternating-current,  electric  circuit. 
The  valveless,  reciprocating  pump  is  analogous  to  an  alternating-current 
generator.  As  the  belt  uniformly  turns  the  pump,  its  piston  is  driven  regu- 
larly back  and  forth.  This  creates  an  alternating  pressure  which  causes  the 
current  of  water  to  flow  around  the  circuit  alternately,  first  in  one  direction 
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Flo.  71. — Hydraulic  analogies  to  direct-  and  alternating-current  generators  and 

circuits. 

and  then  in  the  other.  This  current  of  water,  which  is  flowing  first  one  way 
and  then  the  other  is  an  analogy  to  an  alternating  current  of  electricity. 
Example. — A  simple  demonstration  of  the  alternating  character  of  an 
alternating  current  can  be  made  as  shown  in  Fig.  72  with  an  incandescent 
lamp  (preferably  one  with  a  looped  filament)  and  a  bar  magnet.  If  the  bar 
magnet  is  held,  as  at  7,  near  a  lamp  through  which  direct  current  is  flowing, 
the  filament  will  be  repelled  from  or  attracted  to  the  magnet,  depending  on 
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Fio.  72. — Showing  magnetic  effect  of  an  alternating  current. 


whether  the  N  or  the  S  pole  of  the  magnet  is  presented  to  the  lamp.  The 
current  through  the  lamp  filament  generates  lines  of  force  thus  creating  a 
magnetic  pole  (Art.  46)  which  is  attracted  to  the  pole  of  the  bar  magnet.  If 
the  same  pole  of  the  bar  magnet  is  presented  at  the  opposite  side  of  the  fila- 
ment, the  movement  of  the  filament  will  be  the  reverse  of  what  it  was  in  the 
fiwt  position  (Art.  47).  Now,  if  the  magnet  be  brought  near  a  filament 
carrying  an  alternating  current,  as  at  II,  the  filament  will  then  merely  vi- 
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brate  as  the  alternating  current  produces  at  the  filament  magnetic  poles  of 
alternating  polarity. 

114.  Graphs  of  Alternating  Currents  are  shown  m  Figs.  68  and 
70.  The  curves  of  currents  encountered  in  practice  are  fre- 
quently more  or  less  irregular  as  shown  in  Fig.  73,//,  ///  and 
IV.  The  curves  of  the  currents  produced  by  old-fashioned  re- 
volving-armature generators  were  often  quite  irregular.    How- 
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Fig.  73. — Graphs  of  alternating  ciirrents. 

ever,  modern  alternating-current  generators  produce  curves  that 
are  almost  true  sine  curves  (Art.  116)  Uke  those  of  Figs.  68  and  70. 
116.  Further  Explanation  of  an  Alternating  Current — It  is  so 
essential  that  the  reader  have  a  good  conception  of  what  an  alter- 
nating current  really  is  that  the  following  supplementary  ex- 
planation is  included: 

Explanation. — Consider  the  circuit  of  Fig.  74  in  which  the  incandescent 
lamp  is  fed  by  a  battery  through  a  commutating  or  reversing  switch  (four- 
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Illustrating  an  alternating  current. 
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way  snap  or  flush  switches  are  forms  of  reversing  switches).  Current  from  a 
battery  always  flows  from  the  +  to  the  —  binding  post  of  the  battery.  With 
the  switch  turned  as  at  /  the  current  flows  in,  say  a  positive  direction,  from  A 
around  through  the  lamp  to  B,  Then,  with  the  switch  turned  as  at  //  the 
current  through  the  lamp  is  reversed  and  now  flows  in  a  negative  direction, 
that  is  from  B  through  the  lamp  to  A.  Each  time  the  switch  is  shifted,  the 
direction  of  the  current  through  the  lamp  is  reversed.  If  the  switch  be 
shifted  at  regular  intervals,  the  current  will  flow  through  the  lamp  first  in  one 
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or  a  positive  direction  for  a  period  and  then  in  the  other  or  a  negative  direc- 
tion for  a  period. 

Hence  so  long  as  the  switch  is  being  shifted  at  regular  intervals  an  alter- 
nating current  will  flow  through  the  lamp.  If  the  battery  is  circulating  a 
current  of  1  amp.  around  the  circuit  and  the  switch  is  turned  every  2  sec.,  the 
graph  of  the  resulting  alternating  current  through  the  lamp  would  be  that  of 
Fig.  73,7.  The  current  would  flow:  first  in  one  (a  positive)  direction  from  A 
to  B  for  2  sec;  then  in  the  opposite  (negative)  direction,  from  B  to  A,  for  the 
next  2  sec;  from  A  to  B  for  the  next  2  sec;  from  Bto  A,  for  the  next  2 sec. 
and  so  on.  Note,  that  for  aa  instant  at  the  end  of  each  2-8ec.  interval,  while 
the  switch  is  being  shifted,  the  current  changes  from  a  maximum  value  of  1 
amp.  in  the  positive  direction  to  its  maximum  value  of  1  amp.  in  the  nega- 
tive direction.  During  this  instant  the  current  is  0  (zero),  that  is,  no  current 
flows  during  this  instant.  While  the  graph  of  Fig.  73,7  is  that  of  a  true 
alternating  current,  commercial  alternating  currents  always  have  sine-wave 
forms,  Art.  177. 

116.  Explanation  of  a  Sine- 
curve  or  Sine-wave-form  Alter- 
nating Current. — A  sine  curve 
(Figs.  68  and  70)  is  one  the  con- 
tour of  which  follows  a  certain 
definite  law,  which,  however,  can 
not  be  discussed  here.  See  Art. 
517  for  details.  The  currents 
from  modern  alternating-current 
generators  have  almost  true  sine- 
wave  forms.  This  is  desirable  be- 
cause 

ideal  form  (Art.  525)  and  because 
calculations  relating  to  them  may  be  readily  made  whereas 
calculations  relating  to  irregular  curves  like  those  of  Fig.  73,//, 
///  and  IV,  can  not  be  easily  made.  With  a  sine-wave-form 
alternating  current,  the  current  increases  and  decreases  gradually 
as  shown  in  Figs.  68  and  70  and  not  abruptly  as  suggested  in 
the  alternating-current  curve  of  Fig.  73,/. 

Example. — Imagine  an  ideal  ammeter  (an  instrument  for  measuring 
electric  current  intensity  in  amperes),  like  that  of  Fig.  75,  which  is  so  sensi- 
tive that  it  will  immediately  indicate,  in  amperes,  the  minutest  variation  in 
current  and  which  will  also  indicate  whether  the  current  flowing  through  it 
is  in  a  positive  or  in  a  negative  direction.  Also,  imagine  that  one's  eyes  are 
sufficiently  sharp  and  quick  to  enable  him  to  read  this  instrument  at  frac- 
tional intervals  of  a  second.  (Obviously,  there  can  not  actually  be  an  instru- 
ment so  sensitive  nor  eyes  so  keen.)  Assume  this  /super-sensitive  instrument 
connected  into  an  (60-cycle,  Art.  683)  alternating-current  circuit  to  a  motor, 


Fio.  76. — Direct-current  ammeter 
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Fig.  69.  Now  record  the  readings  at  each  Mso-eec.  interval,  commencing 
at  any  time,  say  at  3  o'clock.  The  readings  of  the  varying  current  in  this 
alternating-current  circuit  might  then  be  these: 


Time 


Ammeter  reading 


Time 


Ammeter  reading 


3  o'clock 
Hso  sec. 
%80  sec. 
Jiso  sec. 
^80  sec. 
5^80  sec. 
Hso  sec. 
Jiso  sec. 
Hao  sec. 
%80  sec. 


after  3. 
after  3. 
after  3. 
after  3. 
after  3. 
after  3. 
after  3. 
after  3. 
after  3. 


0.0  amp. 
+  70.7  amp. 
+100.0  amp. 
+  70.7  amp. 

0.0  amp. 

—  70.7  amp. 
-100.0  amp. 

—  70.7  amp. 

0.0  amp. 
+  70.7  amp. 


^Hso  sec.  after  3 
^Kso  sec.  after  3 
iJiso  sec.  after  3 
^HsQ  sec.  after  3 
^^80  sec.  after  3 
^Hso  sec.  after  3 
1  Jiso  sec.  after  3 
^  Jiso  sec.  after  3 
^^80  sec.  after  3 


+100.0  amp. 

+  70.7  amp. 

0.0  amp. 

—  70.7  amp. 
-100.0  amp. 

—  70.7  amp. 

0.0  amp. 
+  70.7  amp. 
+  100.0  amp. 


and  so  on  as  long  as  the  current  con- 
tinues to  flow. 


If  the  above  values  are  plotted,  they  will  give  the  alternating-current  sine 
graph  for  the  60-cycle,  circuit  shown  in  Fig.  70.  This  graph  shows  that  the 
maximum  current  in  the  circuit  is  100  amp.  also  the  graph  and  the  above 
table  shows  how  the  current  in  the  circuit  varies  from  instant  to  instant. 

Note. — As  shown  in  Fig.  70,  and  explained  in  example  under  Art.  528,  it 
is  possible  to  express  time,  as  it  relates  to  an  alternating  current,  in  degrees  as 
well  as  in  seconds. 


SECTION  5 

ELECTROMOTIVE  FORCE,  CURRENT  RESISTANCE  AND 

OHM'S  LAW 

117.  The  Term  Electromotive  Force,  abbreviated  e.m.f.,  and 
sometimes  called  voltage,  electric  pressure,  or  difference  of  po- 
tential, is  used  to  designate  the  *'push"  that  moves  or  tends  to 
move  electrons  from  one  place  to  another — that  causes  elec- 
tricity to  flow.  Note  that  voltage  or  e.m.f.  is  not  electricity; 
it  is  merely  the  pressure  that  causes  electricity  to  flow.  As 
explained  in  Art.  123,  there  may  be  great  electrical  pressure  but 
if  the  circuit  is  not  closed  there  can  be  no  flow  or  current  of 
electricity. 
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Fio.  76. — Illustrating  the  efiFect   of  increasing  electric   pressure   or  voltage. 

118.  Hydraulic  Analogy  of  E.mi. — The  flow  of  water  through 
a  pipe,  that  is  the  number  of  gallons  per  second,  is  determined 
largely  by  the  hydrauUc  pressure — pounds  per  square  inch — 
that  is  forcing  the  water  through  the  pipe.  A  similar  electric 
pressure  or  e.m.f.,  measured  in  volts,  causes  electricity  to  flow. 
A  volt  (Art.  120)  has,  when  speaking  of  electricity,  somewhat  the 
same  meaning  as  has  "a  pound  per  square  inch^'  when  speaking 
of  hydrauUcs.  A  greater  hydraulic  pressure  is  required  to  force  a 
given  amount  of  water  through  a  small  pipe  than  through  a  large 
one  in  a  given  time.  Similarly,  a  higher  voltage  is  required  to 
force  a  given  amount  of  electricity  through  a  small  wire  than 
through  a  large  one  in  a  given  time.  If  the  voltage  impressed 
on  a  circuit  is  increased,  the  current  will  be  correspondingly 
increased  as  shown  in  Fig.  76  wherein  doubling  the  voltage  has 
doubled  the  current. 
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119.  E.xnis.  May  Be  Developed  in  Three  Different  Ways,  viz. : 
(a)  By  contact  of  unlike  substances,  either  by  the  application  of 
heat  or  by  chemical  action.  Heat  appUed  to  the  junction  of  two 
dissimilar  metals-  (Fig.  77,/)  will  (Art.  317)  generate  an  e.m.f., 
however  it  will  be  relatively  small;  hence  the  method  is  not  com- 
mercial. If  a  piece  of  carbon  and  a  piece  of  zinc  (//)  are  im- 
mersed in  a  solution  of  sal-anmioniac,  an  electric  cell  results 
which  will  generate  an  e.m.f.  If  the  key  is  closed,  an  electric 
current  will  flow  and  the  bell  will  ring.  (6)  By  magnetic  flux: 
If  the  conductor  {III)  be  moved  up  and  down  between  the  mag- 
net poles  so  as  to  cut  across  the  lines  of  force  (Art.  418),  an  e.m.f. 
will  be  generated.  This  illustrates  the  principle  of  the  dynamo 
and  the  principle  of  the  cheapest  way  to  generate  an  e.m.f.  if 
large  amounts  of  electrical  energy  are  required,     (c)  By  dielectric 
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Fig.  77. — Methods  of  generating  electromotive  forces. 


flux.  "Static  electricity *' — so-called — is  generated  in  this  way. 
Illustrations  are  the  e.m.f.  generated  by  rubbing  a  comb  through 
the  hair  and  that  generated  by  the  shpping  of  a  belt  on  a  pulley. 
This  method  is  of  little  commercial  importance.  More  detailed 
explanations  of  the  first  two  of  these  methods  of  generating  a 
difference  of  potential  or  an  e.m.f.  are  given  in  other  sections. 

120.  The  Volt  Is  the  Practical  Unit  of  E.m.f .— It  is  that  differ- 
ence in  electrical  pressure  that  will  maintain  a  current  of  1  amp. 
(Art.  122)  through  a  resistance  of  1  ohm  (Art.  126).  A  millivolt 
is  KjOOO  (one-thousandth)  of  a  volt;  a  kilovoU  is  1,000  (one  thou- 
sand) volts. 

Examples. — Ordinary,  interior,  incandescent-lamp  circuits  usually  oper- 
ate at  a  pressure  of  110  volts,  although  220  volts  is  sometimes  used.  Direct- 
current,  street  railway  voltages  in  towns  and  cities  are  usually  about  550  volts. 
The  voltage  of  an  ordinary  door-bell  (Leclanche)  cell  is  about  IK  volts. 
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The  gravity  cell  used  for  telegraphy  develops  about  1  volt.  Electroplating 
generators  usually  develop  about  2  or  3  volts  while  those  for  electrotyping 
develop  from  5  to  10  volts. 

121.  The  Distinction  Between  Voltage  and  Potential  should 
be  clearly  understood.  The  term  "potential^'  (Art.  96)  is  analo- 
gous with  the  hydraulic  term  level  and  the  terms  "electromotive 
force"  and  "voUage"  are  analogous  with  the  hydrauUc  terms 
'*  difference-dn-lever'  and  *^  pressure."  It  is  not  correct  to  say 
"the  potential  across  the  incandescent  lamp  is  110  volts."  In- 
stead one  should  say  "the  potential  difference"  or  "voltage" 
across  the  incandescent  lamp  is  110  volts. 

Note. — Voltage  or  pressure  between  two  points  in  a  circuit  is  sometimes 
spoken  of  as  difference  in  potential  or  drop  of  potential  between  the  two 
points.  Just  as  in  water  pipes,  where  a  difiFerence  in  level  produces  a  pres- 
sure and  the  pressure  produces  a  flow  when  the  faucet  is  opened,  so  a  differ- 
ence of  potential  produces  e.m.f.  and  the  e.m.f.  impels  a  flow  of  electricity 
as  soon  as  the  circuit  is  connected  so  that  the  electricity  can  move.  £.mi. 
may  be  expressed  as  a  voltage  or  difference  of  potential  or  tnce  versa. 

121A.  Drop  of  Potential  means  drop  or  difference  in  electrical 
level.  The  meaning  of  the  word  "potential"  is  explained  in 
Art.  96  which  should  be  reviewed.  The  terms  "drop  of  poten- 
tial," "potential  difference,"  "loss  of  potential,"  "volts  loss," 
and  "volts  drop,"  while  they  may  have  different  shades  of 
meanings  all  indicate  about  the  same  thing  and  can,  usually,  be 
used  interchangeably  with  the  terms  just  noted.  "VcSlts  drop" 
and  "voltage  loss"  are  sometimes  used  to  mean  "drop  in  poten- 
tial." But  it  is  doubtful  whether  their  usage  in  this  sense  is 
altogether  correct. 

The  pressure  due  to  differences  of  water  level  causes  water  to 
flow  and  the  pressures  due  to  differences  of  electric  level  causes 
electricity  to  flow.  Water  is,  in  Fig.  77A,  arranged  to  flow  from 
the  level  L  in  the  stand-pipe  and  discharged  into  a  tank  at  level 
G.  The  water  in  the  horizontal  pipe,  PQ,  will  be  at  a  constantly 
decreasing  level  (pressure)  as  it  approaches  the  tank.  This  is 
indicated  by  the  height  to  which  the  water  rises  in  the  pressure 
pipes  and  by  the  pressure  gages.  The  reference  level  in  Fig.  77A 
is  the  level  of  the  water  in  the  tank  G  which  is  taken  as  0  (zero) 
level.  This  means  0  (zero)  pressure.  Point  L,  as  referred  to 
point  G,  is  at  a  pressure  of  100  lb.  per  sq.  in.  This  gives  a  dif- 
ference of  pressure  of  (100  —  0  =  100)  100  lb.  per  sq.  in.  between 
L  and  G.    It  is  this  difference  in  pressure  that  causes  the  water  to 
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flow.  Obviously,  there  can  be  no  flow  between  two  points  of  the 
same  level  or  pressure.  Point  C  is  at  a  pressure  of  67  lb.  per 
sq.  in.  Point  (?  is  at  a  pressure  of  0  lb.  The  difference  between 
them  is  (67  —  0  =  67)  67  lb.  per  sq.  in.    Similarly,  the  pressure 


L 


.^■Prwwvnt 


m^mc^ 


n 


FiQ.  77A. — Illustrating  drop  in  hydraulic  pressure  or  potential. 

difference  between  A  and  D  is  (100  —  50  =  50)  50  lb.  per  sq.  in. 
The  pressure  difference  between  B  and  Z)  is  (83  -  50  =  33)  33 
lb.  per  sq.  in.    It  is  due  to  this  difference  in  pressure  of  33  lb. 
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Fio.  77B. — Illustrating  drop  of  electric  pressure  or  potential  in  a  circuit. 

per  sq.  in.  between  B  and  D  that  water  flows  between  these 
two  points. 

Now,  if  an  electrical  conductor,  AG,  be  arranged  as  shown 
in  Fig.  77B,  and  electricity  be  forced  through  it  by  generator  Af , 
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points  A,  B,  C,  D,  etc.,  along  the  conductor  will  be  at  constantly 
decreasing  potentials  as  referred  to  the  reference  point  G,  which 
is  taken  as  a  point  of  0  potential.  Voltmeters  connected  between 
the  points  on  the  conductor  and  the  reference  point  show  this. 
Point  A  is  at  a  potential  of  100  volts  as  referred  to  G.     Therefore, 


,:Lev9/  of  mttrhSimirip^ 


Pig.  77C. — Hydraulic  analogy  to  fall  of  potential  in  an  electric  circuit. 

the  dijGference  of  potential  or  drop  in  potential  which  causes 
electricity  to  flow  from  A  toGis:  100-0  =  100  voUs,  The 
potential  difference  between  C  and  G  is  67  —  0  =  67  volia. 
Similarly  the  potential  difference  between  A  and  D  is  100  —  50 
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Fio.  77D. — Drop  of  electrical  potential  in  a  circuit. 


=  50  voUs  and  the  potential  difference  between  B  and  D  is  83  — 
50  =  33  voUa.    It  is  these  "potential  differences"  or  "drops  of 
potential"  between  the  points  that  causes  the  flow  of  electricity. 
Fig.  77C  illustrates  the  drop  of  potential  in  a  hydraulic  circuit. 
Rg.  77D  illustrates  the  drop  of  potential  in  an  electric  circuit. 
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The  voltmeters,  with  the  exception  of  L,  indicate  the  potentials 
at  the  various  points  on  the  circuit  as  referred  to  the  potential  of 
the  +  terminal  of  the  generator  Af  i,  which,  in  this  example,  is 
assumed  to  be  at  0  potential.  (The  small  letters,  identifying  the 
voltmeters,  correspond  with  the  large  letters  shown  at  the  points 
the  potentials  of  which  the  voltmeters  indicate. 

Voltmeter  L  (Fig.  77D)  indicates  the  potential  difference  across 
the  incandescent  lamp.  The  potential  at  the  point  £  is  1  volt 
and  the  difference  or  drop  in  potential  between  A  and  B  is  1  —  0 
=  1  voU.  The  potential  at  point  C  is  111  volts  and  the  potential 
difference  between  C  and  Bisrlll— 1  =  110  voUs,  which  is  the 
same  difference  or  drop  in  potential  that  voltmeter  L  indicates. 
The  potential  at  point  D  is  112  volts  and  the  potential  difference 
between  D  and  Cis:112  —  111  =  1  voU.  Similarly  the  po- 
tential difference  between  D  and  A  is:  112  —  0  =  112  voUs, 
which  is  the  e.m.f.  imposed  on  the  circuit  by  the  generator  Mi. 

122.  The  Ampere  Is  the  Practical  Unit  of  Electric  Current  Flow. 
— If  a  pressure  of  1  volt  be  impressed  on  a  closed  circuit  having 
a  resistance  of  1  ohm,  then  1  ampere  (amp.)  will  flow  through 
the  circuit.  Currents  of  water  through  pipes  are  measured  by 
the  amount  of  water  that  flows  through  the  pipe  in  a  second. 
Thus  we  say:  "1  gal.  per  sec,"  "10  gal.  per  sec,"  and  the  like. 
In  a  similar  manner,  flow  or  currents  of  electricity  are  measured 
by  the  amount  of  electricity  that  flows  through  a  conductor  in  a 
second.  Thus  we  may  say:  "  1  coulomb  per  sec,"  "  10  coulombs 
per  sec"  and  the  like.  Now  a  coulomb  is  a  certain  quantity  of 
electricity  (Art.  10)  just  as  a  gallon  is  a  certain  quantity  of 
water.  A  term  "ampere'^  has  been  applied  to  a  rate  of  flow  of 
a  coulomb  per  second.  Hence  a  current  of  1  ampere  or  1  amp. 
is  a  current  flowing  at  the  rate  of  a  coulomb  per  second.  It  so 
happens  that  in  practical  work  we  are  nearly  always  interested 
in  the  rate  of  flow  of  electricity  (amperes)  and  seldom  in  the 
amount  of  electricity  that  flows  (coulombs). 

Note. — Art.  10,  that  a  coulomb  of  electricity  comprises,  so  it  has  been 
estimated,  about  five  million  million  million  electrons. 

Examples. — (1)  If  electricity  is  flowing  through  a  conductor  at  the  rate  of 
10  coulombs  per  sec,  the  current  in  the  conductor  is  10  amp.  (2)  If  40 
coulombs  of  electricity  flow  through  a  conductor  in  10  sec.,  the  average  cur- 
rent in  the  conductor  during  that  time  is  40  -r  10  »  4  amp. 

Examples. — An  ordinary  l&-c.p.  carbon  filament  incandescent  lamp 
requires  about  J^  amp.  A  16-c.p.  tungsten  incandescent  lamp  requires 
about  a  amp.    Street  arc  lamps  require  from  4  to  10  amp.  depending  on 
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their  size.  The  current  in  a  telegraph  wire  is  about  ^oo  (0.03)  to  ^oo 
(0.06)  amp. 

Note.* — Whatever  the  reasons  which  lead  originally  to  the  choice  of  the 
magnitudes  of  the  ampere  and  the  ohnif  these  units  can  now  be  considered  as 
two  arbitrary  fundamental  units  established  by  an  international  agreement. 
They  may  be  considered  as  arbitrary  units  in  the  same  way  as  the  foot  and 
the  pound  are  arbitrary  units.  Their  values  can  be  reproduced  to  a  fraction 
of  a  per  cent.,  according  to  detailed  specifications  adapted  by  practically  all 
civilized  nations.  Since  their  values  have  been  established  by  international 
agreement,  they  are  called  intemationdl  electrical  units.  These  two  units 
(the  ampere  and  the  ohm)  together  with  the  foot  (or  inch),  the  secondf  and 
the  degree  centigrade  permit  the  determination  of  the  values  of  all  other  elec- 
tric and  magnetic  quantities. 

The  unit  "ohm"  is  represented  by  a  column  of  mercury  of  specified 
dimensions.    The  "ampere"  by  a  silver  voltameter.    The  "volt"  can  then 
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i  -  High  tlectrk.  Pressure  -  Mo  FUw 
78. — Showing  how  there  can  be  great  pressure  and  yet  no  current  in  both 
hydraulic  and  electric  circuits. 


readily  be  determined  as  the  product  of  the  "ampere"  and  the  "ohm." 
Hence  the  present  system  of  practical  electrical  units  ia  properly  called  ike 
atnpere^hm  eyetem.  For  the  practical  man  or  the  engineer  there  is  but  one 
system  of  electrical  units,  the  ampere^bm  system, 

123.  The  Difference  Between  Amperes  and  Volts. — Amperes 
relate  to  the  rate  at  which  electricity  is  flowing  while  volts  refer 
to  the  push  or  pressure  that  causes  the  electricity  to  flow.  In 
both  hydraulic  and  electric  circuits  there  may  be  great  pressure 
or  voltage  and  yet  no  flow  or  current.  Consider  Fig.  78,7,  where 
flow  of  water  is  prevented  by  a  closed  valve;  the  pump  is  main- 
taining a  high  hydrauUc  pressure  and  yet  there  can  be  no  flow  or 
current  so  long  as  the  valve  is  closed.  likewise,  in  the  electric 
circuit  at  //,  although  the  dynamo  or  generator  is  maintaining 

*  V.  KarapetofiF,  The  Maonbtzc  Czbcuit  and  Thb  Elbctbxc  Czbcuit,  MoGraw-Hill 
Book  Company,  Inc. 


88  PRACTICAL  ELECTRICITY  [Abt.  123 

a  high  electric  pressure — voltage — ^there  can  be  no  flow  of  current 
80  long  as  the  switch  is  open. 

Voltage  or  electrical  pressure  can  never  of  itself  accomplish 
anything  electrical,  that  is  voltage  can  not,  unaided,  make  a 
lamp  burn  or  a  motor  turn.  Current  (amperes)  is  always  neces- 
sary to  effect  electrical  results — ^the  current  makes  the  lamp  burn 
and  the  motor  turn.  However,  a  voltage  or  difference  of  poten- 
tial (Art.  97)  is  always  required  for  the  production  of  a  current. 
Hence  the  first  step  toward  effecting  any  electrical  accomplish- 
ment is  the  production  of  a  voltage.  Then  the  voltage  will  cause 
a  current  to  flow  and  the  current  will  produce  the  result. 

Note. — The  distinction  between  volts  and  amperes  may  be  better  under- 
stood from  a  study  of  Fig.  79.  In  the  portion  of  a  hydraulic  circuit  shown  at 
/  a  current  or  flow  gage  A  has  been  arranged.  The  faster  the  water  flows 
through  the  pipe,  that  is,  the  more  water  that  flows,  the  greater  will  be  the 
push  against  the  vane.    Evidently  the  deflection  of  the  vane  of  A  will  be 

-Anwneter 
(Current  Oegil 
Mcatts  A/Bpoti^ 


vNfcltmeter 
(Pressure  Oasf) 
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I-Hydraulic  Oo(|eft 
FiQ.  79. — Hydraulic  analogy  illustrating  amperes  and  volts. 

proportional  to  the  flow  of  water  or  current,  analogous  to  amperes.  Hence 
if  the  scale  of  A  is  properly  marked,  the  pointer  attached  to  the  vane  will  indi- 
cate at  any  instant  the  rate  of  flow  or  current  of  water  passing  through  the 
pipe  at  that  instant. 

Likewise,  a  gage  or  indicator  can  be  arranged  as  at  B  to  show  the  pressure 
that  is  causing  the  water  to  flow  through  the  pipe  coil.  The  pipe  between  C 
and  Df  which  serves  the  pressure  gage,  should  be  very  small  as  compared 
with  the  main  pipe  so  that  the  amount  of  water  that  can  flow  through  this 
small  pipe  will  be  insignificant  and  can  therefore  be  disregarded  practically. 
However,  same  water  will  flow  between  C  and  D  and  the  amount  that  flows 
will  be  proportional  to  the  pressure  between  C  and  Z),  or  to  the  pressure  that 
is  forcing  water  through  the  pipe  coil.  A  vane  and  indicator  similar  to  that 
at  B  can  be  arranged  at  A  to  indicate  the  hydraulic  pressure  at  any  instant, 
which  is  analogous  to  volts. 

Similarly,  in  the  electric  circuit  at  II  the  ammeter  or  current  meter  is 
arranged  to  indicate  the  current  of  electricity  that  is  flowing  through  the 
lamp  while  the  voltmeter  or  pressure  indicator  is  arranged  to  show  the  push 
that  is  causing  the  electricity  to  flow. 
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123A.  Current  Density  may  be  taken  as  the  currerd  per  unit 
cross-median  of  a  conductor.  It  is  usually  most  conveniently  ex- 
pressed in  amperes  per  square  inch.  Thus,  if  the  electricity  flow 
or  current  is  distributed  uniformly  through  the  cross-section  of 
a  conductor: 

(8a)  ^  ~  "a  (amp.  per  sq.  in.) 

or 

m  I  ^AXU  (amp.) 

and 

(8c)  -*  ^  [/  ^^'  ^^'^ 

Wherein  U  =  current  density,  in  amperes  per  square  inch.  /  = 
current,  in  amperes,  in  the  conductor  under  consideration.  A  = 
cross-sectional  area,  in  square  inches,  of  the  conductor  under 
consideration.    Compare  equations  of  Art.  73  with  above. 

Examples. — ^If  there  is  a  current  of  1,000  amp.  flowing  in  a  busbar  having  a 
croflB-sectional  area  of  4  sq.  in.,  the  current  density  in  this  busbar  would  be: 
(/  a  /  4-  A  -»  1,000  -r  4  «  250  amp,  per  aq,  in.  If  the  current  in  a  conduc- 
tor having  a  cross-eectional  area  of  0.5  sq.  in.  is  350  amp.,  the  current  density 
in  this  conductor  would  be:  U  '^  I  +  A  »  350  +  0.5  »  700  amp.  per  sq.  in. 

124.  Electrical  Resistance  is  the  opposition  which  is  ofifered 
by  electrical  conductors  to  the  flow  of  current.  It  is  the  physical 
property  of  a  material  by  virtue  of  which  the  material  opposes 
the  flow  of  electric  current.  It  is  obvious  that  the  opposition 
offered  by  the  friction  of  the  flowing  water  against  the  insides  of 
the  pipes  will  tend  to  decrease  the  current  of  water  in  a  hydraulic 
circuit.  It  follows  that  the  opposition  or  resistance  of  conductors 
will  tend  to  decrease  a  current  of  electricity  in  an  electric  circuit. 
It  is  therefore  evident  that  the  magnitude  of  a  current  of  elec- 
tricity that  will  flow  through  a  given  circuit  will  be  determined 
not  only  by  the  pressure — ^voltage — circulating  the  current, 
but  also  by  the  opposition — resistance — of  the  conductors.  With 
a  specified  voltage  (a  pressure),  the  greater  the  resistance  the 
smaller  the  current — and  vice  versa.  No  material  is  a  perfect 
conductor,  hence  all  materials  have  resistance.  However  (Art. 
129),  some  materials  have  much  less  resistance  than  others. 

126.  A  Resistor  is  an  object  having  resistance;  specifically,  a 
conductor  inserted  in  a  circuit  to  introduce  resistance.  A  rheo- 
stat is  a  resistor  so  arranged  that  its  effective  resistance  can, 
within  its  range,  be  varied  at  will. 
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126.  The  Ohm  Is  the  Practical  Unit  of  Resistance.— If  a 
pressure  of  1  volt  is  impressed  on  a  circuit  and  1  amp.  flows, 
that  circuit  has  a  resistance  of  1  ohm  (Fig.  80).  A  microhm  is 
K>ooo>ooo  (one-millionth)  of  an  ohm;  a  megohm  is  1,000,000  (one 
million)  ohms. 

Examples. — A  column  of  mercury  106.3  cm.  long  and  having  a  cross- 
sectional  area  of  1  sq.  mm.  has  a  resistance  of  exactly  1  ohm.  In  English 
units,  the  coliunn  would  be  about  3>£  ft.  long  and  its  sectional  area  would  be 

15  .  49 

^QQQQ  sq.  m.,  0.0015  sq.  in.;  its  diameter  would  be  tnQQQQ  in.    A  piece  of 

No.  14,  B.  k  S.  gage,  copper  wire  380  ft.  long  has,  roughly,  a  resistance  of 
1  ohm.  A  piece  of  No.  10  B.  &  S.  gage  copper  1,000  ft.  long  has  a  resistance 
of  almost  precisely  1  ohm.  The  resistance  of  10  ft.  of  GermanHsilver  wire 
the  diameter  of  a  lead  pencil  is  about  1  ohm.  A  2^-in.  vibrating  bell  will 
ordinarily  have  a  resistance  somewhere  between  1^  and  3  ohms  depending 

on  how  it  is  wound;  a  similar  5-in.  bell 
will  have  a  resistance  of  about  5  ohms. 


^Starag^  Battery 


Fio.  80. — 1  volt  pressure  forces  1 


126A.  Resistivity  is  specific  re- 
sistance. That  is,  it  is  the  re- 
sistance of  a  block,  of  the  material 
under  consideration,  having  a 
specified  length  and  cross-seo- 
tional  area.  Thus,  the  resistance, 
in  ohms,  of  a  1-in.  cube  of  a  ma^ 
terial,  from  one  face  to  the  opposite 
ampere  of  current  through  a  resis-  face  may  be  taken  as  the  rosistiv- 

tance  of  1  ohm,  •.         ^  .i,  .-it  i  • 

ity  of  the  material.  In  practice, 
it  is  often  convenient  to  specify  resistivities  in  ohms  per  circular 
mil-foot;  see  the  values  in  Table  143.  Resistivities  of  insulating 
materials  may  be  specified  in  megohms  per  square  inch-mil  as  in 
Table  132. 

127.  What  Determmes  Resistance. — Although  pipes  offer 
opposition  or  resistance  to  the  flow  of  water  in  much  the  same 
way  as  do  conductors  to  the  flow  of  electricity,  there  is  no  unit  of 
resistance  to  water  flow  that  corresponds  with  the  unit  (the  ohm) 
of  resistance  to  electricity  flow.  The  amount  of  resistance  offered 
to  the  flow  of  water  through  a  pipe  or  to  the  flow  of  electricity 
through  a  conductor  is  determined  by  somewhat  analogous  prop- 
erties of  the  pipe  and  of  the  conductor  respectively  as  indicated 
in  Table  128. 

Note. — With  a  certain  pressure,  with  both  electricity  and  water  flow,  the 
longer  the  wire  or  pipe,  the  less  the  flow  and  the  smaller  the  diameter  of  the 
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wire  or  pipe,  the  less  the  flow — and  vice  versa.    See  Art.  133  and  following 
articles  for  more  detailed  information  concerning  resistance. 

128.  Properties  Detennming  Flow  of  Currents. 


Of  water  current  through  a  pipe 


Of  electricity  current  throush  a  wire 


Diameter  of  pipe 
Length  of  pipe 

Material  of  pipe  or  its  internal 
smoothness. 


Diameter  of  wire. 

Length  of  wire. 

Material  and  temperature  of  wire. 


129.  The  Resistances,  That  Different  Materials  Offer  to  elec- 
tricity flow,  vary  greatly.  No  material  is  a  perfect  conductor  and 
no  material  is  a  perfect  insulator.  However,  some  materials, 
the  metals  for  instance,  have  very  small  resistances  and  therefore 
conduct  electricity  so  readily  that  they  are  called  conductors 
(Art.  93).  Other  materials  such  as  wood  and  slate  have,  at 
least  when  moist,  relatively  high  resistances  and  are  therefore 
called  semi  or  partial  condtuAors.  Glass,  porcelain,  paraffin  and 
certain  other  materials  have  such  high  resistances  that  they  are 
practically  non-conducting,  hence  they  are  called  instdators. 
Tables  143  and  132  show  the  relative  resistances  of  some  ma- 
terials and  Table  157  gives  the  resistances  of  different  sizes 
of  copper  wire.  Refer  to  the  author's  American  Electrician's 
Handbook  for  other  resistance  tables. 

ISO.  Conductance  is,  in  a  sense,  the  opposite  of  resistance. 
The  mho  (ohm  spelled  backward)  is  the  unit  of  conductance. 
Resistance  represents  the  opposition  that  a  conductor  offers  to  the 
passage  of  electricity  while  conductance  represents  the  readiness 
or  ease  with  which  a  conductor  conducts  electricity.  Condudtr 
ance,  numerically  expressed  in  mhos  is  the  reciprocal  of  resistance 
in  ohms.  That  is,  the  conductance  of  a  conductor  in  mhos  is 
equal  to  1  divided  by  the  resistance,  in  ohms,  of  the  conductor. 
The  relative  conductances  (as  compared  with  copper)  of  the 
common  metals  are  given  in  Table  143.  Conductivity  is  specific 
conductance  and  is  expressed  in  mhos  per  unit  volume.  Con- 
ductivity is  the  reciprocal  of  resistivity  which  is  defined  in 
Art.  126A.     That  is:  Conductivity  =  1  -^  Resistivity. 

Examples. — What  is  the  conductance  of  a  wire  having  a  resistance  of  2 
ohms.  Solution.— Its  conductance  =  1  -6-  tte  resistance  -  1  -5-  2  -  J4  or 
0.5  mho.    Likewise,  the  conductance  of  a  coil  having  a  resistance  of  20 


92 


PRACTICAL  ELECTRICITY 


[Abt.  131 


ohms  »  1  -i-  20  »  ^0  or  0.05  niho.    The  conductance  of  a  rod  having 
a  resistance  of  6.8  ohms  »  1  -!-  6.8  »  0.147  mho, 

131.  Insulating  Materials,  sometimes  called  dielectrics,  is  the 
name  given  to  that  class  of  substances  that  are  very  poor  con- 
ductors. There  is  no  material  that  is  absolutely  opaque  to  elec- 
tricity, through  which  electricity  can  not  be  forced,  therefore, 
there  is  no  perfect  insulator.  However,  certain  materials  are 
such  poor  conductors  that  they  are  opaque  for  all  practical  pur- 
poses and  hence  these  are  called  insulators.  These  materials 
have  exceedingly  high,  though  measurable,  resistances.  Table 
132  indicates  the  resistance  values  of  some  of  these  materials. 

132.  Resistance  pf  Insulating  Materials.— (Fowler's  Pocket 
Book). 


Material 


Tfaieknen  used 
in  dynamo 
work,  inches 


Reaiativity, 
megohms  *  per 
square  inch- 
mil 


Asbestos 

Asbestos  and  muslin,  oiled. 
Cotton,  single  covering 


Cotton,  single  covering,  soaked  in  paraffin. 

Cotton,  double  covering 

Cotton,  double  covering,  shellacked 


0.004-0.020 
0.010-0.030 
0.006-0.012 

0.006-0.015 
0.012-0.020 
0.015-0.025 

0.030-0.075 
0.001-0.125 
0.008-0.020 

0.010-0.025 
0.010-0.020 
QUed  cloth 0.006-0.030 


Fiber,  red,  vulcanized . . 

Mica 

Micanite  cloth,  flexible. 


Micanite  paper,  flexible. 
Micanite  plate,  flexible. 


Oiled  paper,  double  coat . 

Brown  paper 

Paraffined  paper 


Rubber  sheet 

Shellacked  cloth 

Silk,  single  covering. 


Silk,  single  covering,  shellacked . . 

Silk,  double  covering 

Silk,  double  covering,  shellacked . 


0.006-0.010 
0.005-0.010 
0.002-0.008 

0.015-0.060 
0.006-0.012 
0.001-0.0025 

0.0015-0.004 
0.0015-0.005 
0.002  -0.007 


7 

850 

10 

11,800,000 
10 
25 

470 

33,000 

440,000 

500,000 

320,000 

650 

1,600 

2 

11,800,000 

3,000,000 
30 
50 

75 
50 
75 


*  A  megohm  »  1,000,000  ohms.    This  column  gives  resistances  in  meg- 
ohms for  a  square  inch  of  material  H.ooo  in.  in  thickness. 
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NOTB. — ^ThB     DnVERENCB     BETWEEN     INSULATION     ReBISTANCE     AND 

Dielectric  Strength.* — Properties  of  dielectrics,  that  are  frequently  con- 
fused, are  inavlaium  resistance  and  diekctric  strength.  No  dielectric  is  a 
perfect  insulator.  Some  current  will  flow  through  it  between  points  of 
different  potential.  The  current  will  vary  with  the  difference  of  potential 
and  inversely  with  the  resistance  of  the  path.  The  resistance  to  the  flow  of 
this  current  is  insulation  resistance.  It  vtiries  directly  with  the  length  of  the 
path  and  inversely  with  the  area  and  is  measured  in  ohms  or  megohms. 
Dielectric  strength  is  a  measure  of  the  ability  of  the  dielectric  to  with- 
stand puncture;  it  is  not  necessarily  high  in  a  material  having  high  resistance. 
It  is  measured  in  "volts  per  millimeter"  necessary  to  puncture  the  insulation. 

133.  What  Resistance  Is  Proportional  To. — Neglecting  tem- 
perature effects  (Art.  147),  electrical  resistance  is  directly 
proportional  to  the  length  of  a  conductor  and  is  inversely  pro- 
portional to  its  cross-sectional  area.  See  Art.  143A  and  following 
paragraphs  for  methods  of  calculating  resistance. 

134.  Ohm's  Law. — ^There  is  a  simple  but  most  important 
relation  between  the  e.m.f.  (volts),  the  current  (amperes)  and 
the  resistance  (ohms)  in  any  electric  circuit.  This  relation  is 
expressed  in  Ohm's  law,  viz.:  The  electric  current  in  a  conductor 
equals  the  electromotive  force  applied  to  the  condudor  divided  by 
the  resistance  of  the  conductor.  The  law  may  be  simply  stated: 
current  »  «.m./.  -^  resistance. 

Oxy  stating  the  same  thing  in  another  way: 

(8d)  amperes  —  volts  4-  ohms 

or, 

(8€)  voUs  =  amperes  X  ohms 

or, 

(8/)  ohms  =  voUs  -5-  amperes. 

This  law  can  also  be  expressed  as  a  formula  (Fig.  81) : 

(9)  1=1  (amp.) 
or 

(10)  E  =  I  XR  (volts) 
or 

(11)  iJ  =  I  (ohms) 

•SketricJovmal 
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Wherein  I  =  current,  in  amperes.     E  =  the  e.m.f.,  in  volts. 
R  =  the  resistance,  in  ohms. 


OHM'S    LAW 


CURRENT  s 

'=-1 


ELECTROMOTIVC     FORCE 


RESISTANCE 


AMPERES  =r 


VOLTS 
QHMS 


RESISTANCE 

E 


ELECTROMOTIVE    FORCE 
CURRENT 


R= 


I 


OHMS   — 


VOLTS 
AMPERES 


ELECTROMOTIVE     FORCE  - 

CURRENT  X  RESISTANCE 


E=IR 


VOLTS  s  AMPERES  X  OHMS 


FiQ.   81. — ^The  Ohm's  law  equations.     (From  ohart  prepared  by  The  David 
Ranken  Jr.  School  of   Mechanical  Trades,  St.  Louis.) 

Note. — Ohm's  law  is  merely  a  specific  statement,  as  applied  to  the  electric 
circuit,  of  the  very  important  general  law  which  governs  all  physical  phe- 
nomena. This  general  law  is:  The  resuU  produced  is  directly  proportional  to 
the  effort  and  inversely  proportional  to  the  opposition.    This  general  law 


=         5  Ohrm 
^     Pes/sfance 


i 


masie-f 


ResiSTance 
•  ^  Ohms 


Current  -  f 


Curreni  ■  /  Arr^. 
I-WVwt  Current  Through      I-What  Resistoince  for  lamp  ? 
CoiJ? 


Currenf*0.5Amp. 
I- How  Many  Volts  1o  Ring  BeU "? 


FiQ.  82. — Ohm's  law  examples ;  parts  of  circuits. 

applies  to  all  circuits:  electric,  magnetic  (Art.  231),  hydraulic,  pneumatic, 
heat,  etc. 

Example  (Fig.  82,7). — What  current  will  flow  through  a  coil  having  a 
resistance  of  5  ohms  if  the  impressed  e.m.l.  is  100  volts?  Solution. — Sub- 
stituting in  the  formula  (9) :  7  =  ^  -5-  J?  =  100  -^  5  =  20  amp. 

Example  (Fig.  82,77). — What  is  the  resistance  of  an  incandescent  lamp 
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through  which  1  amp.  flows  when  110  volts  is  impressed  on  it?  Solu- 
tion.—Substituting  in  the  formula  (11):  /2  =  E  -i- 1  =110-5-1  =  llO  ohms. 
Example  (Fig.  82,  ///). — How  many  volts  will  be  required  to  force  0.5 
(14)  amp.  through  an  electric  bell  having  a  resistance  of  2  ohms?  Solu- 
tion.—Substituting  in  the  formula  (10):  JB  -  /  X  fi  *  0.5  X  2  =  1  »oft. 

See  following  articles  for  further  examples. 

136.  The  Above  Simple  Form  of  Ohm's  Law  Applies  Only 
to  Direct-current  Circuits  and  to  alternating-current  circuits 
having  no  inductance  (Art.  47)  or  permittance  (Art.  471).  Where 
used  for  alternating-current  circuits  the  law  should  be  modified 
as  suggested  in  the  sections  of  this  book  relating  to  alternating 
currents. 

136.  In  Applying  Ohm's  Law  it  is  easy  to  make  mistakes  imless 
certain  precautions  are  observed.  The  law  is  applicable  to  an 
entire  circuit  or  to  only  a  portion  of  a  circuit.  When  applied 
TO  AN  ENTIRE  CIRCUIT:  The  Current  {amperes)  in  the  entire  circuit 
equals  the  e,m,f.  (volts)  across  the  entire  circuit  divided  by  the  resist- 
ance (ohms)  of  the  erUire  circuit.    When  applied  to  a  portion 


iff  tnh  '  &3  Ohms 


f  Coif 


I-  Generator  Circuit  J  -  Gravity  Ceii  Circuit 

Fig.  83. — Ohm's  law  applied  to  entire  circuits. 


OR  part  of  a  circuit:  The  current  in  a  certain  part  of  a  circuit 
eqv4ils  the  voltage  across  the  same  part  divided  by  the  resistance  of 
that  same  part.  The  errors  in  the  appUcation  of  Ohm's  law 
usually  arise  from  considering  the  voltage  of  one  part  and  the 
resistance  and  amperage  of  a  different  part — or  vice  versa. 

Example. — What  will  be  the  current  in  the  circuit  of  Fig.  83,/?  Solu- 
tion.— An  entire  circuit  is  shown.  It  is  composed  of  a  dynamo,  line  wires 
and  a  resistance  coil.  The  e.m.f .  developed  by  the  dynamo  (do  not  confuse 
this  with  the  e.m.f.  impressed  by  the  dynamo  on  the  line)  is  120  volts.  The 
resistance  of  the  entire  circuit  is  the  sum  of  the  resistances  of  dynamo,  line 
wires  and  resistance  coil.  Substituting  in  the  formula  {a):  I  =  E  -i-  R  ^ 
120  -J-  (1  +  1  +  9  +  1)  =  120  -5-  12  =  10  amp. 

£l]LA.Bn>LE. — ^What  current  will  flow  in  the  circuit  of  Fig.  83,//?  Solu- 
tion.— This  again  is  an  entire  circuit.  Substituting  in  the  formula  (a): 
/=^-5-i2  =  l-r  (0.5  +  0.6  +  2  +  0.5)  =  1  -^  3.5  -  0.28  amp. 
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Example. — With  10  amp.  flowing  what  will  be  the  voltage  or  drop  across 
each  of  the  line  wires  of  Fig.  84.  Solution. — ^Each  has  a  resistance  of  0.1 
ohm,  hence,  substituting  in  formula  (10) :  j^  »  /  X  A  »  10  X  0.1  »  1  voU* 


"■Maim 


20  Antfx — 


■•^■A/<*W»^^•--•..•••  ••*»-•"»  t5>i-r- 


saas^ 


K— ' R'OJOhm  - 


i4Al|*«rii»*^«- 


FiQ.  84. — Caloulating  volts  drop  in  motor  feeder  with  Ohm's  law. 

The  drop  in  both  line  wires  or  in  the  circuit  between  the  switch  and  the 
motors  would  be  2  volts. 

Example. — ^What  is  the  resistance  of  the  incandescent  lamp  of  Fig.  85,77 
It  is  tapped  to  a  110-volt  circuit  and  the  ammeter  reads  0.5  amp.     The 


i(L5Amp. 
I-  Ump  ReVistance  I  -  Wire  Re»i»t«ince 

Fio.  85. — Applying  Ohm's  law  to  portion  of  circuits. 

branch  wires  are  so  short  that  their  resistance  can  be  neglected.     SoLxmoN.' 
—Substitute  in  the  formula  (11) :  J?  =  JEf  -8-  J  =  110  -i-  0.5  =  220  ohtM. 


R'OJ 


Ohm\^  /-Branch 


ClrcuH 


Art  ttrmp — , 

FiQ.  86. — Ohm's  law  applied  to  a  portion  of  a  circuits 


Example. — ^The  motor  of  Fig.  85,7/  takes  20  amp.  and  the  drop  in  voltage 
in  the  branch  wires  should  not  exceed  5  volts.  What  is  the  greatest  resist- 
ance that  can  be  permitted  in  the  branch  conductors.    Solution. — Substi- 
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tute  in  the  formula  (11):  £-^-!-/»5-^20-»  0.25  ohm.  This 
(0.25  ohm)  is  the  resistance  of  both  wires.  Each  would  have  a  resistance  of 
0.125  ohm. 

Example. — The  arc  lamp,  Fig.  86,  takes  5  amp.  The  resistance  of  each 
wire  is  0.1  ohm.     What  will  be  the  drop  in  volts  in  each  branch  wire? 

Solution.— Substitute  in  the  formula  (10):  -K  =  /2X/=0.1X6  = 
0.5  voU.  In  both  branch  wires  or  in  the  branch  circuit  the  volts  lost  would 
be  2  X  0.5  =  1  wft. 

Example. — Three  motors  (Fig.  84)  taking  respectively:  20 amp.,  25 amp., 
'  and  5  amp.  (these  values  are  those  stamped  on  the  name  plates  of  the  motors) 
are  located  at  the  end  of  a  feeder  having  a  resistance  of  0.1  ohm.  on  each 
side.  What  will  be  the  volts  drop  in  the  feeder?  Solution. — Substitute 
in  the  formula  (10);  ^  «  fi  X  /  =  (0.1  +  0.1)  X  (20  +  25  +  5)  -  0.2  X 
50  =  10  voUa. 


Thrnib  Scrm^        Circular  Sccf/e— 


AnkKOr. 


Uht 


fAmil 


*•* V 

WimMust  Slip  Through  thestS/ots^ 
A-Wir«  Oage  Mode  of  5h««t  Ste«l 


FiQ.  87. — Instruments  for  measuring  wire  diameters. 


137.  Wire  Gages  are  arbitrary  standards  for  the  measurement 
of  diameters  of  wire  and  thicknesses  of  sheet  metal.  Many 
different  gages  have  been  proposed.  The  Brown  &  Sharpe  Gage 
which  is  the  same  as  the  American  Wire  Gage  is  the  standard 
in  the  United  States  for  the  measurement  of  copper  wire 
diameters.  Wire  sizes  are  referred  to  by  gage  numbers,  usu- 
ally the  smaller  the  number  the  bigger  the  wire.  Wire  measur- 
ing gages,  Fig.  87^1,  are  made  of  hardened  steel  plate.  With  the 
kind  shown,  the  wire  being  measured  is  placed  in  succession  in 
the  slots  which  are  located  around  the  periphery  of  the  gage 
until  a  slot  (not  a  circular  hole)  is  found  in  which  the  wire  just 
fits;  its  gage  number  is  then  indicated  opposite  the  slot.  See  the 
AiiBBiCAN  Electeician's   HANDBOOK  for  a  rather  complete 
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Anti'fS^luartMii'' 
Nof9>  Tht5€  Vmn  artkkrty  TJhm  Dtkn^td 
I-  Circular  Mil  I-  Square  Mi\ 


schedule  and  comparison  of  all  of  the  wire  gages.  Micrometers 
(Art.  138)  are  rapidly  superseding  sheet-metal  wire  gages  for  the 
determination  of  wire  sizes. 

138.  Micrometers  Are  Now  Widely  Used  for  Measuring 
Wire  and  will  doubtless  ultimately  supersede  measuring  gages 
for  that  purpose.  Fig.  87,5  shows  a  micrometer  that  will  mea- 
sure easily  and  accurately  to  K>ooo  "^-  Where  micrometers 
are  used  for  measuring,  the  wire  diameters  are  usually  expressed 
in  thousandths  of  an  inch.  This  is  a  convenient  and  accurate 
method.  Some  concerns  have  ceased  to  use  wire  gages  and  now 
specify  all  wire  diameters  in  thousandths  of  an  inch. 

139.  A  Circular  Mil  is,  by  definition,  the  area  of  a  circle  H»ooo 
(one  one-thousandth)  in.  in  diameter.  Fig.  88.     (A  mil  is  H>ooo 

— one  one-thousandth — in.) 
The  areas  of  electrical  conduc- 
tors are  usually  measured  and 
expressed  in  circular  mils  be- 
cause the  circular  mil  is  the 
most  convenient  unit  for  this 
purpose.  The  areas  of  circles 
vary  as  the  squares  of  their  di- 
ameters. That  is,  the  area  of  a 
circle  of  a  diameter  of  0.002  in. 
(2  mils)  is  four  times  the  area 
of  a  circle  having  a  diameter 
of  0.001  m.  (1  mil).     It  follows 

FiQ.    88.— Illustrating   the   square   mil  ^\^^     gi^ce,     by     definition,     a 
and  the  circular  mil.  .     _         .        ,.  ,  -  ^  ^^/  . 

cu*cle  of  a  diameter  of  0.001  m. 
is  1  cir.  mil,  a  circle  of  a  diameter  of  0.002  in.  has  four  times  the 
area  of  the  0.001-in.  diameter  circle  and,  therefore,  has  an  area 
of  4  cir.  mils.  Thus  it  is  evident  that  the  area  of  any  circle 
can  be  expressed  in  circular  mils  by  merely  squaring  its  diam- 
eter, which  must,  however,  be  expressed  in  thousandths  of  an 
inch.  The  advantage  of  expressing  cross-sectional  areas  of  round 
conductors  in  circular  mik  is  a  decided  one.  To  compute  the 
cross-sectional  area  of  a  round  conductor  in  square  inches  a 
somewhat  tedious  calculation  is  necessary.  But  to  compute  its 
area  in  circular  mils,  it  is  only  necessary  to  square  the  diameter. 

Example. — Since  H  «  0.375  (375  mila)  the  area  of  a  circle  ^  in.  in  diame- 
ter would  be:  375  X  375  =  140,625  cir.  mils.  Likewise,  the  area  of  a  circle 
0.005  in.  (5  mils)  in  diameter  woiild  be:  5  X  5  ^^  25  cir.  mils. 


^  .  |<,..../j'L^ 


Arm '0.51  Hlnr*^* 31 

IE-  Section  of  Copper  ff-  Section  of 
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140.  A  Square  Mil  is  the  area  of  a  square  liaving  sides  K^ooo 
(one-thousandth)  in.  long,  Fig.  88.  Areas  of  square  or  rectangu- 
lar conductors  are  sometimes  measured  in  square  mils.  Areas 
in  square  mils  are  calculated  by  multiplying  together  the  length 
and  the  breadth  of  the  rectangle  expressed  in  thousandths  of  an 
inch.  In  actual  area,  a  circular  mil  is  about  eight-tenths  as  great 
as  a  square  mil  as  is  evident  from  Fig.  88. 

ExAjtfPLE. — ^The  area  of  a  rectangle  K  in.  wide  and  2  in.  long  would  be : 
600  X  2,000  -  1,000,000  sq.  mils, 

141.  Square  Mils  May  Be  Reduced  to  Circular  Mils  or  Vice 
Versa  by  using  one  of  the  formulas  that  are  given  below: 

(12)  Sq.  mils  =  Cir,  mils  X  0.7854. 
or 

(13)  Cir.  mils  =  '^^- 

(14)  Cir.  mila  =  o.OO^!ii(!o"785,4 
or 

(15)  Sq.  in,  =  cir,  mils  X  0.000,000,785,4. 

Example. — The  sectional  area  of  the  busbar  in  Fig.  88,7/7,  is  in  circular 
mils: 

0.000,000,785,4  "  0.000,000,785,4  "  ^^»^^  ^^'  ^^• 

Example. — The  sectional  area  of  the  steel  tee,  shown  in  Fig.  88,7  K,  is 
in  circular  mils: 

aq.  in. 0.53  . 

0.000,000,785,4  "  0.000,000,785,4  "  ^^4,800  ar,  mils. 

142.  A  Circular  Mil-foot  is  the  unit  conductor.  A  wire  having 
a  sectional  area  of  1  cir.  mil  and  a  length  of  1  ft.  is  a  circular 
mil-foot  of  conductor.  The  resistance  of  a  circular  mil-foot  of  a 
metal  is  sometimes  called  its  specific  resistance  or  preferably 
resistiidty  (Art.  126a).  Resistances  of  circular  mil-feet  of  differ- 
ent conductors  are  given  in  the  accompanying  Table  143,  and 
tables  showing  more  complete  data  appear  in  the  author's 
American  Electrician's  Handbook. 
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143.  Approximate    Resistivities — Specific    and    Relative — of 
Conductors.* 


Conductor 


Resistivity  —  p 
(resistance  of  1  cir. 
mil-foot  in  ohms) 


0*'C.  or 
32°  F. 


23.8<»C.  or 
75°F. 


Relative 
conductivity 
(as    com- 
pared with 
copper) 


Relative 
resistivity 
(as    com- 
pared with 
copper) 


Silver,  pure  annealed 

Copper,  annealed 

Copper,  hard-drawn 

Aluminum    (97.5    per    cent. 

pure) 

Zinc  (very  pure) 

Iron  wire 

Nickel 

Steel  [ynre) 

Brass 

Phosphor-bronze 

German  silver 

Gray,  cast  iron 


8.831 

9.674 

108.60 

9.590 

10.505 

100.00 

9.810 

10.745 

97.80 

16.031 

17.699 

59.80 

34.595 

37.957 

27.72 

58.702 

65.190 

16.20 

74.128 

85.138 

12.94 

81 . 179 

90.150 

11.60 

43.310 

22.15 

51.005 

18.80 

127.800 

7.50 

684.000 

0.925 
1.000 
1.022 

1.672 
3.608 
6.173 
7.726 
8.621 

A. 515 

5.319 

17.300 


143A.  The  Computation  of  tiie  Resistance  of  Any  Conductor 

may  be  made  by  considering  the  factors  which  determine  re- 
sistance. Thus,  Art,  127,  the  resistance  of  any  conductor  will 
vary  with:  (a)  The  material  of  the  conductor,  (b)  Directly  as  the 
length  of  the  condicctor,  (c)  Inversely  as  the  area  of  the  conductor. 
That  is,  the  longer  a  conductor  is,  the  greater  its  opposition  or 
resistance  will  be.  The  smaller  in  cross-sectional  area  the  con- 
ductor is,  the  greater  its  resistance  will  be.  Resistance  of 
conductors  to  electricity  flow  is,  in  these  respects,  analogous  to 
the  resistance  which  pipe  lines  offer  to  water  flow.  By  properly 
combining  these  factors  into  a  formula  we  have: 

pX  I 


(15a) 

and 

(15aa) 


R  = 


I  = 


AXR 

V 


(ohms) 


(in.) 


Wherein  R  =  resistance  of  the  conductor  in  ohms,     p  =  the 
resistivity  (Art.  126A)  of  the  conductor;  if  A  is  expressed  in  square 

*  International  Textbook  Company — Electrical  Engineer's  Handbook.    See  the 
author's  American  Electrician's  Handbook  for  a  more  complete  table. 
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inches,  p  should  be  expressed  in  ohms  per  inch  cube.  A  =  the 
cross-sectional  area  of  the  conductor  which,  if  p  is  expressed  in 
ohms  per  inch  cube,  should  be  expressed  in  square  inches,  I  —  length 
of  the  conductor,  which  should  be  expressed  in  inches  if  p  is  in 
ohms  per  inch  cube  and  A  is  in  square  inches. 

Note. — The  above  formula  (15a),  while  it  is  important  because  of  the 
truth  which  it  expresses,  is  seldom  used  in  practice  because  the  form  given  in 
Art.  144,  in  which  resistivities  in  ohms  per  circular  mil-foot  are  used)  is  usu- 
ally more  convenient  in  general  application. 

143B.  To  Compute  the  Conductance  (Art.  130)  of  a  conductor 
a  formula  which  can  readily  be  derived  from  (15a)  may  be  used. 
Conductance  is,  by  definition,  the  reciprocal  of  resistance. 
Hence,  from  (15a): 

(156)  g  =  ^j  (mho) 

But  also  (Art.  130),  resistivity  or  p  =  1  -5-  ccyndudivity.  Then 
substituting  this  expression  for  p  in  (156)  there  results: 

,--  .  A  conductivity  X  A     .    ,    ^ 

(15c)  (7  =  (r--^^i^^i^it^o^j  = 1 (^^^) 

or 

(15d)  g  =  ^^^j^  (mho) 

Wherein  g  =  conductance  of  conductor  in  mhos.  7  =  con- 
ductivity of  the  material,  usually  expressed  in  ohms  per  mho  per 
inch  cube.  A  =  area  of  cross-section  of  conductor,  in  square 
inches  if  7  is  expressed  in  mhos  per  inch  cube.  I  =  length  of 
conductor,  in  inches,  if  7  is  expressed  in  mhos  per  inch  cube. 

141.  The  Practical  Method  of  Computing  the  Resistance  of  a 
Circular  Conductor  of  Any  Common  Metal  follows  from  formula 
(15a).  However,  the  practical  working  formula  which  is  given 
below  differs  from  that  of  (15a)  in  two  details.  (1)  It  utilizes  a 
resistivity ,  value  expressed  in  ohms  per  circular  mil-foot.  (2)  It 
utilizes  an  area  value  expressed  in  circular  mils.  These  working 
formulas  are: 

(16)  R  =  ^^J  (ohms) 
or 

(17)  I  =  ^^  (ft.) 
or 
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(18) 
and 
(18a) 


-n^ 


(mils) 


p  =  — ^ —      (ohms  per  cir.  mil-ft.) 


Wherein  R  =  resistance  of  the  roimd  conductor,  in  ohms,  p  = 
resistivity  in  ohms  per  circular  mil-foot  of  the  metal  composing 
the  wire  as  taken  from  Table  143.  I  =  length,  in  feet,  of  the 
conductor,  d  =  diameter  of  the  conductor,  in  mils,  d*  =  diame- 
ter in  mils  squared,  or  what  is  the  same  thing,  is  the  sectional 

area  of  the  conductor,  in  circular  mils. 
See  Art.  147  regarding  corrections  that 
must,   in  refined   work,   be  made  for 
.P.9iL'nsL..^j;r.XXAr\r     changes  in  temperature. 
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70 

I" 
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20 

10 

0 

-10 


-  t/Xf^l^M..  PpJut. 
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Example. — What  will  be  the  resistance  of  a 
piece  of  iron  wire,  at  75  deg.  F.  (23.8  deg.  C), 
that  is  ^0  in*  (0.300  in.)  in  diameter  and  400 
ft.  long?  Solution. — ^Tbe  resistance  per  cir- 
cular mil-foot  of  this  wire,  taken  from  T^ble 
143  is  65.19  ohms.  Now  substituting  in  the 
formula  (16):  22  -  (p  X  0  -^  d*  (65.19  X 
400)  4-  (300  X  300)  "  26,076  +  90,000  - 
0.29  ohm. 


146.  To  Compute  the  Resistance  of 
Conductors  That  Are  Not  Circular  in 
Fio.  89.— Comparison    of  Cioss-sectlon. — First  figure  their  areas 
Centigrade  and    Fahrenheit  jn  square  inches  and  then  reduco  this 

thermometer  scales.  .      ,  .       .       i  m 

square  inch  area  to  circular  mils  as  out- 
lined in  Art.  141.  Then  proceed,  using  the  formula  (16)  given  in 
Art.  144  to  obtain  the  resistance  value. 

146,  Thermometer  Scales. — Thermometers  are  usually  cali- 
brated in  accordance  with  either  the  Centigrade  system  or  the 
Fahrenheit  system.  In  the  Fahrenheit  system,  the  zero  is  32 
deg.  below  the  freezing  point  of  water  and  the  boiling  point  of 
water  is  212  deg.  (see  Fig.  89).  In  the  Centigrade  system  the 
zero  is  the  freezing  point  of  water  and  the  boiling  point  is  100 
deg.  The  Centigrade  system  of  measuring  temperatures  is  used 
largely  in  engineering  work  and  almost  exclusively  in  rating 
electrical  machinery.  The  Fahrenheit  system  is  the  one  in  com- 
mon use  in  the  United  States.    A  temperature  value  in  one  sys- 
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tern  can  be  reduced  to  the  corresponding  value  in  the  other  sys- 
tem directly  from  a  table  or  by  using  formulas.  * 

147.  The  Resistance  of  All  Pure  Metals  Increases  as  They 
Become  Hot  (Fig.  90). — The  resistances  of  certain  alloys  do  not 
increase  with  the  temperature.  Table  143  shows  that  the  re- 
sistance of  a  circular  mil-foot  of  annealed  copper  is  about  9.6 
ohms  at  32  deg.  F.  and  is  10.505  ohms  at  75  deg.  F.  Therefore, 
where  extreme  accuracy  is  essential,  it  is  necessary  to  note  the 
temperature  at  which  any  resistance  value  is  taken  when  the 
resistance  value  is  quoted.  In  practical  work  with  wire,  particu- 
larly in  outside  and  inside  wiring,  changes  in  resistance  due  to 
changes  in  temperature  are  so  small,  relatively,  that  they  need 
not  be  considered.    The  ohms  increase  in  resistance,  per  ohm, 


18 
10 


32 
0 


'•greeft  FahrenhetJ 

10  50  M 

Degr«e«  Cent\grail« ' 


140 
60 


156 
TO 


Fig.  90. — Graphs  showing  the  resistance  per  circular  mil-foot  of  copper  of 
different  conductivities  at  different  temperatures.  (It  is  usual  to  specify  that 
soft-drawn  copper  shall  have  98  per  cent,  conductivity  and  hard-drawn  copper  97 
per  cent.     Hence,  commercial  copper  wire  has  about  these  conductivities.) 

for  each  degree  rise  in  temperature  is  called  the  temperature  coeffir 
cierU  of  resistance.  (A  coefficient  is  a  multipUer.)  Such  coeffi- 
cients* are  determined  experimentally  for  different  metals.  An 
abridged  list  is  shown  in  149.  For  all  pure  metals  the  coefficient 
is  practically  the  same  and  is  0.004  per  deg.  for  temperaiures  in 
degrees  Centigrade  and  0.0023  per  deg.  for  temperatures  in  degrees 
Fahrenheit.  The  temperature  coefficient  of  an  alloy  is  generally 
less  than  the  average  of  the  coefficients  of  its  constituents. 

Example. — If  the  resistance  of  a  pure  metal  wire  is  20  ohms  at  60  deg.  F. 
what  will  its  approximate  resistance  be  at  90  deg.  F.?  Solution. — The 
diflference  in  temperature  is  90  —  60  =  30  deg.  Now  resistance  of  all  pure 
metals  increases  about  0.004  ohm  per  deg.  rise  for  each  ohm  original  resLst- 

*See  the  author's  Aicbsican  Elcctbician's  Handbook. 
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anoe.  Therefore  for  a  30  deg.  rise  the  increase  per  ohm  would  be  0.004  X  30 
»  0.12.  Hence  the  increase  for  20  ohms  would  be  20  X  0.12  »  2.4  ohms. 
Therefore,  the  resistance  at  90  deg.  F.  would  be  20  +  2.4  =  22.4  ohms. 
Art.  250  shows  a  formula  whereby  these  calculations  can  be  made  directly. 
Note  also  Art.  153  for  an  exact  method  of  determinlDg  resistances  at  differ- 
ent temperatures. 

Note. — The^resistance  of  carbon  increases  as  its  temperature  decreases 
and  decreases  as  its  temperature  increases. 

148.  Alloys  with  Zero  Temperature  Coefficients  can  be  com- 
pounded. That  is,  the  resistances  of  conductors  composed  of 
these  alloys  remain  practically  constant  at  all  ordinary  tempera- 
tures. Their  temperature  coeflScients  are  0.0.  For  example, 
Manganin,  an  alloy  of  84  parts  copper,  12  parts  nickel  and  4 
parts  manganese,  all  by  weight,  has  a  negligible  temperature  coef- 
ficient for  practical  purposes.  Other  alloys  having  similar  prop- 
erties are  produced.  The  resistances  of  most  allojrs  increase 
with  their  temperatures  but  to  a  less  degree  than  do  the  resist- 
ances of  pure  metals. 

149.  Approximate  Temperature  Coefficients  of  Conductors.* 


Conductor 

(A)     a 

Average  temperature 

coefficient  per  degree 

C.  between  0°  and 

100*C. 

(B)     a 
Avera^  temperature 
coefficient  per  degree 
F.  between  32*  and 

212«P. 

Silver,  pure  annealed 

0.004000 
0.004020 
0.004020 
0.004350 
0.004060 
0.004630 
0.006220 
0.004630 

0.000640 
0.000400 
0.000310 
0.000000 

0.002220 

Copper,  annealed 

0.002230 

Copper,  hard-drawn 

0.002230 

Aluminum  (97.5  per  cent,  pure)  . . 
Zinc  (very  Dure) 

0.002420 
0.002260 

Iron  wire 

0.002570 

Nickel 

0.003460 

Steel  (wire) 

0.002570 

Phofiohor-bronze 

0.000356 

German  silver 

0.000220 

Plfttinoid 

0.000172 

Manganin 

0.000000 

160.  To  Find  the  Resistance  of  a  Conductor  at  Any  Ordinary 
Temperature,  Approximate  Method  but  sufficiently  accurate  for 
all  ordinary  work.    See  Art.  163  for  the  exact  method.    The 
formulas  are: 
(19)  Rk=  Rc  +  aX  RciTn  -  Tc)  (ohms) 

*  International  Text   Book   company — Elbctrical  Enoinker'b  Handbook.    See  the 
author's  American  Electrician's  Handbook  for  a  more  complete  table. 
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or, 

(20)  Th  -  Tc  =  ^^'  (deg.  C.) 

Wherein  Rh  =  resistance,  in  ohms,  hot.  Re  =  resistance,  in 
ohms,  cold.  Th  =  temperature  of  conductor,  hot,  in  degrees. 
Te  =  temperature  of  conductor,  cold,  in  degrees,  a  =  the 
average  temperature  coefficient  of  the  material  of  the  conductor 
from  Table  149. 

Example. — The  resistance  of  a  circular  mil-foot  of  annealed  copper  is  9.59 
ohms  at  32  deg.  F.  What  will  be  its  resistance  at  75  deg.  F.  ?  Solution. — 
From  Table  149  the  coefficient  is  0.002,23.  Substitute  in  the  formula  (19): 
Rk^  Re  +  aX  Rc{Th  -  Tc)  =  9.59  +  10.002,23  X  9.59  (75  -  32)]  =  9.59  + 
(0.002,23  X  9.59  X  43]  »  9.59  +  0.92  »  10.51  ohms  at  75  deg.  F. 

161.  Why  the  Method  of  Art.  160  Is  Not  Exact— The  formula 
therein  given  assumes  that  the  temperature  coefficient  of  resist- 
ance is  constant  for  all  temperatures.  This  assumption  is  not 
strictly  true  because  the  temperature  coefficient  for  a  metal 
decreases  as  the  temperature  increases,  as  shown  for  copper  in 
Table  152.  The  reason  for  this  is  that  the  resistance  of  any  con- 
ductor is  greater  at,  for  example,  35  deg.  C.  than  it  is  at  0  deg.  C. 
Hence,  the  proportional  increase  in  resistance  for  each  ohm,  for 
each  degree  rise  in  temperature,  will  be  less  at  35  deg.  C.  than  for 
each  ohm  at  0  deg.  C.  The  values  given  of  a  referred  to  in  the 
formula  of  Art.  150  and  given  in  Table  149  are  average  values. 

162.  To  Find  the  Resistance  of  a  Copper  Conductor  at  Any 
Ordinary  Temperature,  Exact  Method. — To  obtain  the  exact 
resistance  of  a  copper  conductor  at  any  temperature  use  this 
formula: 

(21)  /e,  =  fii  (1  ±  a  X  r)  (ohms) 

Wherein  R2  =  resistance,  in  ohms,  at  second  temperature. 
Ri  =  resistance,  in  ohms,  at  initial  temperature.  T  =  change  or 
difiPerence  of  temperature,  in  degrees.  Centigrade,  a  =  the 
temperature  coefficient  from  Table  152  at  the  initial  temperature 
of  the  problem. 

Example. — ^A  copper  field  coil  has  a  resistance  of  20  ohms  at  20  deg.  C. 
What  will  be  its  resistance  at  30  deg.  C?  Solution. — ^The  change  in  tem- 
perature 7  is  dO""  -  20''  »  10^  The  temperature  coefficient  for  an  initial 
temperature  of  20  deg.  C.  is  from  Table  152,  "0.00388."  Now  substitute  in 
the  formula  (2):  Rt  -  i^i  (1  ±  a  X  T)  =  20  (1  +  0.0038  X  10)  -  20(1  + 
0.0388)  =  20  X  1.0388  =  20.78  ohms  at  30  deg.  C. 
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163.  Exact  Temperature  Coefficients  for  Copper.* — 

a  =  change  in  resistance  per  degree  Centigrade  for  each  ohm 
at  temperature  L 


Initial     " 
temperature. 
Centigrade 

a 

Temperature 

coefficient 

Initial 
temperature, 
Centigrade 

a 

Temperature 

coefficient 

0 

0.00420 

26 

0.00379 

1 

0.00418 

27 

0.00377 

2 

0.00417 

28 

0.00376 

3 

0.00415 

29 

0.00374 

4 

0.00413 

30 

0.00373 

5 

0.00411 

31 

0.00372 

6 

0.00410 

32 

0.00370 

7 

0.00408 

33 

0.00369 

8 

0.00406 

34 

0.00368 

9 

0.00405 

35 

0.00366 

10 

0.00403 

36 

0.00365 

11 

0.00402 

37 

0.00364 

12 

0.00400 

38 

0.00362 

13 

0.00398 

39 

0.00361 

14 

0.00397 

40 

0.00360 

16 

0.00395 

41 

0.00358 

16 

0.00394 

42 

0.00357 

17 

0.00392 

43 

0.00356 

18 

0.00391 

44 

0.00355 

19 

0.00389 

45 

0.00353 

20 

0.00388 

46 

0.00352 

21 

0.00386 

47 

0.00351 

22 

0.00385 

48 

0.00350 

23 

0.00383 

49 

0.00348 

24 

0.00382 

50 

0.00347 

25 

0.00381 

164.  Temperature  Rises  in  a  Conductor  Can  Be  Determined 
by  Measuring  the  Resistance  of  the  Conductor  when  cold  and 
when  hot  by  using  this  formula: 

(22)  T  =  ^^  (deg.  C.) 

*  Standardization  Rules,  American  Institute  of  Electrical  Engineers. 
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Wherein  Rt  =  resistance,  in  ohms,  at  second  temperature.  Ri 
=  resistance,  in  ohms,  at  initial  temperature.  T  =  change  of 
temperature,  in  degrees,  Centigrade,  a  =»  coefficient  from  Art. 
152  at  initial  temperature. 

Example. — The  resistanoe  of  a  set  of  coils  measured  20  ohms  at  a  room 
temperature  of  20  deg.  C.  After  carrying  current  for  a  few  hours  the  resist- 
ance measured  20.78  ohms.  What  was  the  average  temperature  rise  in  the 
coil?  Solution.— Substitute  in  the  formula  (22):  T  ^  (Rt  -  Ri)  -^ 
(a  X  Ri)  «  (20.78  -  20)  ■*-  (0.00388  X  20)  =  0.78  -i-  0.0776  =  10  deg. 
=  aoerage  temperaiure  rise. 

For  ordinary  commercial  estimates  a  room  temperature  of 
25  deg.  C.  (77  deg.  F.)  is  often  assumed  and  the  above  formula  then 
becomes: 

Wherein  T  =  increase  in  temperature,  in  degrees.  Centigrade, 
fia  ="  resistance,  in  ohms,  hot.  R2t?  »  resistance,  cold,  at  room 
temperature,  assumed  to  be  25  deg.  C. 

166.  Heat  Is  Developed  in  Any  Conductor  through  Which 
Electricitjr  Flows  and  the  temperature  of  the  conductor  is  raised 
thereby.  The  heat  represents  the  loss  due  to  the  overcoming  of 
the  resistance  by  the  current.  Often  the  amoimt  of  heat  de- 
veloped is  very  small  and  is  not  noticeable — but  it  is  present 
nevertheless.  If  there  is  an  excessive  current  in  a  conductor, 
heat  may  be  developed  more  rapidly  in  the  conductor  than  it  can 
be  dissipated — then  the  conductor  will  become  very  hot  and  may 
possibly  melt.  Heat  is  dissipated  by  air  currents  (convection)  and 
by  radiation.  It  is  therefore  often  desirable  to  so  arrange  a  con- 
ductor which  must  be  kept  cool,  that  cool  air  can  circulate  around 
it  and  the  heat  can  be  readily  radiated  from  it. 

Often  the  principal  requirement  of  electrical  conductors  is 
that  they  be  large  enough  to  carry  the  necessary  current  without 
becoming  too  hot  for  safety.  Tables  have  been  compiled  (Art. 
156)  indicating  the  safe  currents  for  different  size  conductors. 
These  should  always  be  consulted  before  a  conductor  is  selected 
to  carry  a  given  current. 

Examples. — Fuses  operate  because  of  the  heat  developed  in  them  by  cur- 
rent; when  the  current  becomes  excessive,  the  fuse  wire  melts  and  thereby  the  - 
circuit  is  automatically  opened  in  case  of  overload.  Incandescent  lamps  pro- 
duce light  because  their  filaments  are  heated  white  hot  by  the  passage  of 
current.  Electric  heating  devices  operate  because  the  resistors  therein  are 
heated  by  the  passage  of  current. 
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166.  Dimensions,  Weights  and  Resistances  of  Pure,  Solid 


Area 

Safe  carrying 
capacities 

Weight 

Sp.  gr.  8.9 

Gage 
No. 

Diam.,  in. 

Cir.  mils 

id*)  1  mil  = 

0.001  in. 

Sq.  mils 
(d«  X  0.7854) 

Rubber 
ins., 
amp. 

Other 
ins., 
amp. 

Lb.  per 
1.000  ft. 

Lb.  per 
mile 

0000 

0.460000 

211.600.00 

166.190.0 

225 

325 

639.33 

3.375.7 

000 

0.409640 

167,806.00 

131,790.0 

175 

275 

607.01 

2,677.0 

00 

0.364800 

133.079.40 

104.520.0 

150 

225 

402.09 

2.123.0 

0 

0.324860 

105,688.00 

88,887.0 

185 

800 

818.86 

1,688.6 

1 

0.289300 

83.694.20 

65,733.0 

100 

160 

252.88 

1,335.2 

2 

0.257630 

69,373.00 

52.130.0 

90 

125 

200.54 

1.058.8 

3 

0.229420 

62,634.00 

41.339.0 

80 

100 

159.03 

839.68 

4 

0.204310 

41.742.00 

32.784.0 

70 

90 

126.12 

665.91 

5 

0.181940 

88,108.00 

85,998.0 

55 

80 

100.01 

588.05 

6 

0.162020 

26,250.60 

20.617.0 

50 

70 

79.32 

418.81 

No.  6  and  larger  conductors,  where  they  are  to  be  used  in  interior  work  or  are  to  be 
Btruction,   solid   wires  up  to  and  including  No.  00  can  be  used  but  for  larger  conductors 


7 

0.144280 

20,816.00 

16,349.0 

43 

56 

62.90 

332.11 

8 

0.128490 

16,509.00 

12,966.0 

35 

50 

49.88 

263.37 

9 

0.114430 

13,094.00 

10,284.0 

30 

40 

39.56 

208.88 

10 

0.101890 

10,881.00 

8,158.8 

85 

80 

31.37 

165.68 

11 

0.090742 

8.234.00 

6.467.0 

30 

29 

24.88 

137.37 

12 

0.080808 

6,529.90 

5,128.6 

20 

25 

19.73 

104.18 

13 

0.071961 

6.178.40 

4.067.1 

17 

22 

15.65 

82.632 

14 

0.064048 

4,106.70 

3.226.4 

15 

20 

12.44 

65.674 

15 

0.057068 

8,856.70 

8,557.8 

10 

14 

9.84 

51.966 

16 

0.050820 

2,582.90 

2.028.6 

6 

10 

7.81 

41.237 

17 

0.045257 

2,048.20 

1,608.6 

5 

9 

6.19 

32.683 

18 

0.040303 

1,624.30 

1.275.7 

3 

6 

4.91 

26.925 

19 

0  035876 

1,287.10 
1,081.50 

1,011.69 
808.88 

3.88 

20 .  507 

80 

0.081961 

The  above 

8.09 

16.815 

21 

0.028462 

810.10 

636.25. 

values  are  those 

2.45 

12.936 

22 

0.025347 

642.70 

504.78 

specified  in  the 

1.94 

10.243 

23 

0.022571 

509.45 

400.12 

National  Elec- 

1.54 

8.1312 

24 

0.020100 

404.01 

317.31 

trical    Code. 

1.22 

6.4416 

85 

0.017900 

880.40 

851.64 

In  lighting  work. 

0.97 

5.1816 

26 

0.015940 

254.01 

199.50 

no  wire  smaller 

0.77 

4.0666 

27 

0.014195 

201.50 

158.26 

than  No.  14  is 

0.61 

3.2208 

28 

0.012641 

159.79 

125.60 

usei,  except  for 

0.48 

2.5344 

29 

0.011257 

126.72 

99.526 

fixtures. 

0.38 

2.0064 

30 

0.010085 

0.008928 

100.50 

79.71 

78  933 

62.604 

0.80 

0.24 

1.6840 

31 

1.2672 

32 

0.007950 

63.20 

49.637 

0.19 

1.0032 

33 

0.007080 
0.006304 

60.13 
39.74 

39.372 
31.212 

0.15 
0.12 

0.7920 

34 

0.6336 

85 

0.005614 

81.58 

84.766 

0.10 

0.5280 

36 

0.005000 

25.00 

19.635 

0.08 

0.4224 

37 

0.004453 
0.003965 
0.003631 
0.003144 

19.83 

15.72 

12.47 

9.89 

1 

15.567 
12.347 
9.7939 
7.7676 

0.06 
0.05 
0.04 
0.03 

0.3168 

38 

0.2640 

39 

0.2112 

40 

0.1581 

*  Calculated  on  the  basis  of  Dr.  Matthiesen's  standard,  namely.  1  mil  of  pure  copper 
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Bare  Copper  Wire.*     (Approximate) 

American  Wire  Gage  or  Brown  &  Sharpens  Gage 


Length 

ReaiBtance  at  76  deg.  F. 

Gage 
No. 

Ft.  per  lb. 

Ft.  per  ohm 

ohms  per 
1,000  ft. 

Ohms  per 
mile 

1  56 

20.383.0 

0.04906 

0.25903 

0.000076736 

0000 

1.97 

16.165.0 

0.06186 

0.32664 

0.00012039 

000 

2.49 

12.820.0 

0.07801 

0.41187 

0.00019423 

00 

S.li 

10A66.0 

0.09888 

0.61987 

0.00088600 

0 

3.95 

8.062.3 

0.12404 

0.65490 

0.00048994 

1 

4.99 

6,393.7 

0.15640 

0.82582 

0.00078046 

2 

6.29 

5,070.2 

0.19723 

1.0414 

0.0012406 

3 

7.93 

4,021.0 

0.24869 

1.3131 

0.0019721 

4 

10.00 

8,188.7 

0.81861 

1.6658 

0.0081861 

6 

12.61 

2.528.7 

0.39546 

2.0881 

0.0049868 

6 

drawn  into  conduits,  should  be  cables  so  they  will  be  flexible.     For  outside  pole-line  con- 
cables  should  be  employed  because  of  the  greater  ease  of  handling  stranded  conductors. 


15.90 

2.065.2 

0.49871 

2.6331 

0.0079294 

7 

20.05 

1,590.3 

0.62881 

3.3201 

0.012608 

8 

25.28 

1.261.3 

0.79281 

4.1860 

0.020042 

9 

81.88 

1,000.0 

1.0000 

6.8800 

0.081380 

10 

40.20 

793.18 

1.2607 

6.6568 

0.050682 

11 

60.69 

629.02 

1.5898 

8.3940 

0.080585 

12 

63.91 

498.83 

2.0047 

10.585 

0.12841 

13 

80.38 

395.60 

2.5278 

13.347 

0.20322 

14 

101.68 

881.08 

8.1160 

.16.477 

0.81668 

16 

128.14 

248.81 

4.0191 

21 . 221 

0.51501 

16 

161.59 

197.30 

6.0683 

26.761 

0.81900 

17 

203 .  76 

156.47 

6.3911 

33.745 

1.3023 

18 

257.47 

123.99 

8.0654 

.      42.585 

2.0759 

19 

8Si.00 

98.401 

10.168 

68.668 

8.8986 

80 

408.56 

78.067 

12.815 

67.660 

6.2356 

21 

615.15 

61.911 

16.152 

85.283 

8.3208 

22 

649.66 

49.087 

20.377 

107.59 

13.238 

23 

819.21 

38.918 

25.695 

135.67 

21.050 

24 

1,088.96 

80-864 

88.400 

171.07 

88.466 

86 

1.302.61 

24.469 

40.868 

215.79 

35.235 

26 

1,642.55 

19.410 

51.519 

272.02 

84.644 

27 

2,071.22 

15.393 

64.966 

343.02 

134.56 

28 

2.611.82 

12.207 

81.921 

432.54 

213.96 

29 

8,898.97 

9.6818 

108.80 

646.80 

840.86 

80 

4,152.22 

7.8573 

127.27 

671.99 

628.46 

31 

5,236.66 

6.0880 

164.26 

867.27 

860.33 

32 

6,602.71 

4.8290 

207.08 

1.093.4 

1,367.3 

33 

8.328.30 

3.8281 

261.23 

1,379.3 

2.175.6 

34 

10,601.86 

8.0863 

889.86 

1,738.0 

8,468.6 

86 

13.238.83 

2.4082 

415.24 

2,192.6 

6,497.4 

36 

16,691.06 

1.9093 

523.75 

2.765.5 

8.742.1 

37 

20.854.65 

1.5143 

660.37 

3,486.7 

13,772.0 

38 

26.302.23 

1.2012 

832.48 

4,395.6 

21.896.0 

39 

33,175.94 

0.9527 

1,049.7 

5,642.1 

34.823.0 

40 

ynre  of  H9  in-  diameter  equals  13.59  ohms  at  15.5  deg.  C.  or  59.9  deg.  F. 
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167.  Contact  Resistance  is  the  resistance  developed  at  the 
point  of  contact  of  two  conductors  in  series.  The  greater  the 
clamping  pressure  between  the  conductors  in  contact  and  the 
greater  the  area  of  contact,  the  less  will  be  the  contact  resistance. 
If  a  contact  has  a  high  resistance,  excessive  heat  will  be  developed 
thereat.  Certain  safe  currerd  densities  (amperes  per  square  inch) 
have  been  experimentally  determined  for  contacts  of  different 
kinds:  sliding,  screwed,  spring  and  the  Uke  (see  table  in  American 
Electrician's  Handbook).  These  safe  densities  should  not  be 
exceeded  or  excessive  heating  will  result.  See  Art.  605  for 
"Brush  Resistance"  and  "Brush  Contact  Resistance." 

167A.  Voltage  Gradient*  is  the  volts  drop  per  unit  length  of 
circuit.  It  is  used  most  frequently  in  connection  with  high- 
voltage  phenomena  but  does  not 
necessarily  relate  solely  to  such. 
For  example,  when  a  "charged" 
conductor  C  (Fig.  90A)  is  sepa- 
rated from  ground  by  a  dielectric 
or  insulator,  the  potential  of  C 
above  the  potential  of  G  may  be 
expressed  in  volts  which  may  be 
designated  by  the  letter  E.  Thus, 
if  a  voltmeter  F,  connected  as 
shown,  reads  6,600  volts,  then  the 
potential  of  C  would  be  6,600  volts  above  that  of  the  earth,  which 
is  always  assumed  to  be  zero.  The  average  voltage  gradient  is 
obtained  by  dividing  the  potential  difference  by  the  distance. 

Example. — If  the  distance  I  in  the  illustration  were  30  ft.,  then  the  average 
voltage  gradient  for  these  conditions  would  be:  6,600  -s-  30  »  220  voUa  per 
JL  The  dielectric  strengths  of  insulating  materials  may  be  measured  in  voUs 
per  unil  length.  The  voltage  gradient  at  any  point  in  an  insulating  material 
must  not  exceed  the  dielectric  strength  of  that  material  or  it  will  break  down 
or  rupture. 

167B.  The  Equations  for  Voltage  Gradient  Calculations  follow 
from  the  above  discussion.  When  the  voltage  drop  is  uniformly 
distributed  along  a  conductor  (or  an  insulator) : 

E 
(23o)  ^  "^  T  (volts  per  ft.  or  per  in.) 

or 


Fig. 


90A. — niustrating 
gradient. 


voltage 


(236) 


E  =  GXe 


(volts) 


*  Electric  Journal, 
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and 

(23c)  I  =  §  (ft.  or  in.) 

Wherein  G  =  voltage  gradient,  in  volts  per  foot  or  volts  per  inch 
length,  depending  on  whether  I  is  measured  in  feet  or  in  inches. 
E  =  e.m.f.,  in  volts,  impressed  across  the  length  I  of  the  conduc- 
tor under  consideration.  I  =  length,  in  inches  or  in  feet,  of  the 
portion  of  the  conductor  under  consideration.  G,  when  expressed 
in  volts  per  inch,  really  represents  the  voltage  impressed  on  a 
i-in.  cube  of  the  conductor  or  dielectric  under  consideration, 
and  is  sometimes  called*  "the  electric  intensity  at  a  point." 
167C.  Two  Other  Formulas  for  Voltage  Gradient,  which  are 
important  because  of  the  truths  which  they  disclose  can  be  de- 
rived (as  shown  below)  from  formulas  which  have  preceded. 
These  formulas  which  state  what  Karapetoff  calls  "the  Ohm's 
law  for  the  unit  conductor"  are: 

(23d)  G  ^  p  XU  (volts  per  in.) 

and 

(23e)  G  =  —  (volts  per  in.) 

Wherein  G  =  voltage  gradient,  in  volts  per  inch  length,  p  = 
resistivity  of  the  material,  in  ohms  per  inch  cube.  U  =  current 
density,  in  amperes  per  square  inch,  y  =  conductivity  in  mhos 
per  inch  cube. 

Derivation  op  Above  Equations. — From  (23a),  G  =  E/l  Now  from 
(15aa),  I  =  A  X  R/p;  then  substituting  this  expression  for  I  In  (23a),  (r 
^  E  Xp/A  XR.  But  from  (8c),  A=I/U)  then  substituting  this 
expression  for  A  in  the  formula  just  preceding:  O^EXpXU/IXR^ 
Now  from  (10),  E  -^  I  X  R;  hence  G  =^  I  X  R  X  p  X  U/I  X  R.  The 
"/  X  R"  expressions  cancel  out  leaving  G  =»  p  X  U^  which  is  equation 
(23d)  above.     Formula  (23e)  may  be  derived  by  a  similar  process. 

*  Karapetoff,  in  his  The  Elbctbzc  Cibcuit. 


SECTION  6 
WORK,  POWER,  ENERGY  TORQUE  AND  EFFICIENCY 

168.  Work  is  the  overcoming  of  opposition  through  a  certain 
distance.  Work  is  measured  by  the  product  of  the  opposition 
times  the  space  through  which  it  is  overcome.  Work  is  also 
measured  by  the  product  of  the  moving  force  times  the  distance 
through  which  the  force  acts  in  overcoming  the  opposition. 
Work  can  be  measured  in  foot-pounds  (ft.-lb.).  Afoot-^ound  of 
work  is  the  amount  of  work  done  in  raising  a  weight  of  1  lb.  a 
distance  of  1  ft.  Also,  a  foot-pound  is  the  amount  of  work  done 
in  overcoming  a  force  of  1  lb.  through  a  distance  of  1  ft. 


!  ^.OOO'Lb, 


\- 


m 


i^s^^^sss^^ 


Lifting  Weigh+ 

Fio.  91.- 


:^ 


n-  Engine  Cj^linder 
-Examples  of  work. 


Examples. — (1)  If  a  weight  of  6  lb.  is  lifted  a  distance  of  8  ft.  (Fig.  01,7), 
the  work  done  will  be  6  X  8  »  48  ft.-lb.  (2)  If  20  gal.  of  water  are  pumped 
a  vertical  distance  of  32  ft.  (1  gal.  of  water  weighs  8  lb.),  the  work  done  by  the 
pump  will  be  20  X  8  X  32  »  5, 120  f  t.4b.  (3)  If  the  piston  in  a  steam  engine 
travels,  during  a  certain  interval,  IH  ^t.  (Fig.  91,//),  and  the  total  pressure 
on  the  piston  is  40,000  lb.,  the  work  done  during  that  interval  would  be  1.5 
X  40,000  «  60,000  A-ft. 

169.  Power  is  rate  of  doing  work.  The  faster  that  work  is 
done,  the  greater  the  power  that  will  be  required  to  do  it.  Energy 
has  to  do  only  with  work,  while  power  has  to  do  with  work  and 
time — foot-pounds  and  minutes. 

Examples. — If  it  requires  10  horse  power  (A.p.)  to  raise  a  loaded  elevator 
a  certain  distance  in  2  min.,  20  h.p.  will  be  required  to  raise  it  the  same  dis- 
tance in  1  min. 

112 


Sec.  6] 


WORK  AND  POWER 


113 


160.  The  ^^  horse  power"  is  a  unit  of  power  and  is  about  equal 
to  the  power  of  a  strong  horse  to  do  work  for  a  short  interval. 
Table  163  gives  equivalent  values  for  a  horse  power  expressed  in 
other  units.  Numerically  a  horse  power  (h.p.)  is  33,000  ft.-lb. 
per  min.  =  550  ft.-lb.  per  sec.  =  1,980,000  ft.-lb.  per  hr.  Ex- 
pressed  as  a  formula: 

LXW        ft-Vb.  per  min, 
33,000  X  t  "        33,000 


(23) 


A.p.  = 


(A.p.) 


Wherein  A.p.  =  horse  power.  L  =  distance,  in  feet,  through 
which  W  is  raised  or  overcome.  W  =  weight,  in  pounds,  of  the 
thing  lifted  or  the  push  or  pull  in  pounds  of  the  force  overcome. 
t  =  the  time,  in  minutes,  required  to  move  or  overcome  weight 
W  through  distance  L. 


LDOcf§cfBcx 


'  ■  ".     ■'.■•*'■         '*  * 
n  Shifiin^box 


I-  Rat5in9  Bucket 

Fig.  92. — Examples  in  calculating  horse  power. 

Example. — What  horse  power  is  required  in  raising  the  load  and  bucket 
weighing  200  lb.,  shown  in  Fig.  92,i,  from  the  bottom  to  the  top  of  the 
shaft,  a  distance  of  100^ ft.,  in  2  min.?  Solution. — Substitute  in  the  for- 
mula (23):  h.p,  =  (L  XW)  -5-  (33,000  X  0  =  (100  X  200)  ^  (33,000  X  2) 
=  20,000 -J.  66,000  =  0.B  Lp. 

Example. — What  average  horse  power  is  required  while  moving  the  box 
loaded  with  stone,  in  Fig.  92/7,  from  A  to  B,  650  ft.  in  3  min.?  It  takes  a 
horizontal  pull  of  160  lb.  to  move  the  box.  Solution. — Substitute  in  the 
formula  (23):  h.p,  =  (L  X  TF)  -s-  (33,000  X  /)  =  (650  X  150)  -5-  (33,000 
X  3)  =  97,500  -^  99,000  =  0.98  A.  p. 

161.  Electric  Power  Is  Numerically  Expressed  in  Watts  or  in 
kilowatts.  A  kilowatt  is  1,(K)0  watts.  Electric  power  is  the  rate 
at  which  energy  is  being  transformed  in  a  circuit.  See  the  follow- 
ing articles.  Electric  power  is  numerically  expressed  by  the 
product  of  the  instantaneous  values  of  e.m.f.  and  current  in  a 
circuit.    The  waU  represents  the  amoxmt  of  power  of  a  circuit 
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when  the  current  in  that  circuit  is  1  amp.  and  the  e.m.f.  is  1 
volt. 

162.  Hydraulic  Analogy  of  Electrical  Power. — It  is  obvious 
from  the  picture  of  the  hydrauUc  circuit  shown  in  Fig.  93,7, 
that  the  power  output  of  the  water  motor  will  depend  on:  (1) 
the  pressure  generated  by  the  rotary  pump;  and  (2)  the  volume^ 
that  is  the  gallons  per  minute  pumped  or  forced  through  the  water 
motor.  More  power  will  be  developed  by  a  20  gal.  per  min.  flow 
at  100  lb.  per  sq.  in.  pressure  than  at  50  lb.  per  sq.  in.  pressure. 
Furthermore,  more  power  will  be  developed  with  a  100  lb.  per 
sq.  in.  pressure  by  a  40  gal.  per  min.  flow  than  by  a  20  gal.  per 
min.  flow.  The  power  developed  by  the  water  motor  depends 
then  on  the  pressure  and  on  the  flow. 


/Ihfary  Puof 


r  in  a  Hj^draulic  Circuit 


H'Rywer  m  «m  Eiecfric  Grcuit 


FiQ.  93. — Power  in  circuits. 


In  the  electric  circuit  shown  in  Fig.  93,//,  the  conditions  are 
analogous.  The  greater  the  electric  pressure  (volts)  impressed 
on  the  motor  and  the  greater  the  flow  (coulombs  per  second — or 
amperes)  through  the  motor,  the  greater  will  be  the  amount  of 
power  developed  by  it.  In  the  hydraulic  circuit  at  /,  if  the  pump 
generates  a  hydraulic  pressure  much  greater  than  that  for  which 
the  water  motor  is  designed,  the  water  motor  will  break  down 
and  if  the  generator  in  //  generates  an  electric  pressure  much 
greater  than  that  for  which  the  electric  motor  is  designed,  the 
electric  motor  will  break  down.  In  both  cases,  /  and  //,  the 
flow  of  current  is  determined  by  the  pressure  and  if  an  excessive 
pressure  causes  an  excessive  flow,  the  motors  will  probably  be 
injured. 
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163.  Equivalent  Values  for  Power  Expressed  in  Various 
English  and  Metric  Units.* 


Watt 

Kw. 

English 

Conti- 

Kg.-m. 

Ft.-lb. 

Kg.-cal. 

B.t.u. 

h.p. 

nental 
h.p. 

per  sec. 

per  sec. 

per  sec. 

persec. 

1  watt  u  equal  to. 

1.00 

0.001000 

0.00134 

0.00136 

0.102 

0.737 

0.000238 

0.000947 

1  kw.  is  equal  to. . 

1000.00 

1.000000  1.34000 

1.36000 

102.000 

737.000 

0.238000 

0.947000 

1    English    (and 

American)  h.p.. 

746.00 

0.746000  1.00000 

1.01500 

76.000 

550.000 

0.178000 

0.707000 

1  Continental  h.p. 

735.00 

0.735000  0.98500 

1.00000 

76.000 

541.000 

0.175000 

0.696000 

1  kg.-m.  per  sec. 

9.81 

0.00981010.01310 

0.01330 

1.000 

7.230 

0.002340 

0.009300 

Ift.-lb.  persec... 

1.36 

0.001360J0. 00182 

0.00185 

0.138 

1.000 

0.000324 

0.001290 

1  kg.-cal.  per  sec. 

4200.00 

4.200000  5.61000 

5.70000  427.000 

3090.000 

1.000000 

3.970000 

1  B.t.u.  per  see. . 

1055.00  1.056000'0.41500|0. 422001107. 600 

778.000 

0.252000 

1.000000 

164.  Power  in  Electrical  Direct-current  Circuits  is  equal  to 
the  product  of  volts  and  amperes.  Expressing  this  rule  as  a 
formula:  J      ^^.|^    )[,ik 

(24)  ^      P  =  /  X  JS?  (watts) 

but  since  (Art.  134)  /  =  E/B,  it  may  also  be  stated  that: 


P^E  E^ 


(25)  P  =  ^  X  £?  =  ^  (watts) 

and  also  since  (Art.  134)  .B  =  /  X  iZ,  it  may  be  stated  that 

(26)  P  =  /X/X/e  =  /2X/e  (watts) 

Wherein  /  =  current,  in  aftiperes.    E  =  voltage,  or  e.m.f.,  in 
volts.    R  =  resistance,  in  ohms.    P  =  the  power,  in  watts. 

The  above  three  equations  are  very  important.  (They  may 
be  subject  to  modification  for  alternating-current  circuits,  Art. 
783.)  In  applying  these  formulas  the  same  cautions  (Art.  136) 
must  be  observed  as  with  Ohm's  law.  The  values  of  current, 
voltage  and  resistance  used  in  any  one  problem  must  all  apply 
to  the  same  circuit  or  to  the  same  portion  of  a  circuit.  Varia- 
tions of  the  above  three  fundamental  formulas  are: 

P 


(27) 

or 

(28) 

(29) 


/  = 


E 


E  = 


(amp.) 

(amp.) 
(volts) 


*  H.  M.  Hobart,  in  Qbnkral  Electbic  Rbvibw, 
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or 
(30) 

(31) 
(32) 


E  =  VR  XP 
R  ==  ji 


(volts) 
(ohms) 

(ohms^ 


S^^g^  ^4 


t$C.f^  Carbon^ 
iarrti 


//0\bffs 


Current  ^  *^  Amp. 
I-  Lamp  Circui+ 


Otrecf  Currenf 
Motor' 


?W\blts'l 
— »         — y 


Current  70 Amp. 
H-Mo+or  Circuit 


Fia.  94. — Power  in  direct- current  circuit. 

Example. — How  many  watts  are  consumed  by  the  incandescent  lamp  in 
Fig.  94,/?  Solution.— Substitute  in  the  formula  (24):  P  =  /  X  £  = 
J 2  amp.  X  110  volts  =  55  waJiU, 

Example. — How  many  watta  are  taken  by  the  motor  of  Fig.  94,//?  How 
many  kilowatts?  How  many  horse  power?  Solution. — Substitute  in  the 
formula  (24):  P  ^  I  x  E  =  70  amp.  X  220  volts  =  15^400  it;a«s. 

watts        15,400 


kw.  = 


1,000  1,000 


15.4  kw. 


watts        15,400       ^^  ^  ^ 
^•P=-746-   ="746-  -20.6 /..p. 

Example. — In  the  transmission  line  of  Fig.  95  what  will  be  the  power  lost 
in  the  line  wires  to  the  motor?  Solution. — Substitute  in  the  formula 
(26):  P  -  /*  X  /2  =  (40  X  40)  X  (0.3  +  0,3)  =  1,600  X  0.6  =  960  waits. 


-  ff^istance '0.3  Ohm  - 

'^  -7— 


'>\D/rect 

< ^^  -^rrenf 


,'Lme  Wires 


ffe3istvrnce*03  Ohm  - 


Fig.  95. — Power  loss  in  a  transmission  line.     (Current  in  line  wires  is  40  amp.) 


165.  In  Applying  the  Eqtiations  of  Art.  164  to  Alternating- 
current  Problems,  it  may  be  that  certain  corrections  should  be 
made  to  obtain  the  correct  power  value  (Art.  782).     In  general, 
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the  above  equations  may  without  great  error  be  applied  directly 
to  alternating-current  circuits  if  the  connected  load  is  novrinduc- 
live  (Art.  471)  or  practically  non-inductive.  Incandescent  lamps 
are  practically  non-inductive  but  alternating-current  motors,  arc 
lamps  and  most  other  devices  containing  coils  of  wire  through 
which  electricity  flows  are  inductive.  Where  the  circuit  or  load 
is  inductive  the  above  equations  may  not  give  a  correct  result 
(Art.  783)  for  alternating  currents. 

166.  Watts,  Kilowatts  and  Horse  Power. — Since,  as  explained 
in  Table  163,  1  h.p.  equals  746  watts,  it  follows  that: 

wo.fffi 

(33)  h.p.  =  n^^g-  =  waits  X  0.0013  h.p.  (h.p.) 

(34)  watts  =  h.p.  X  746  •  (watts) 

(35)  h.p.  =  ^^^  =  kw.  X  1.34  h.p.  (h.p.) 

(36)  kw.  =  h.p.  X  0.746  (kw.) 

For  ordinary  estimates :  to  get  horse  power,  multiply  kilowatts 
by  l}^i]  to  get  kilowatts,  multiply  horse  power  by  0.7, 

Example. — Watts  =  2,460,  h.p.  =  ?  Solution. — Substitute  in  the 
formula  (33):  h.p.  =  walls  -5-  746  =  2,460  -r-  746  =  3.3  h.p. 

Example. — A  motor  takes  30  kw.  How  many  h.p.  is  it  taking?  Solu- 
tion.—Substitute  in  the  formula  (35):  h.p.  =  kw.  -^  0.746  =  30  -^  0.746 
=  40.2  h.p.  or  using  the  other  equation  (35):  h.p.  =  kw.  X  1.34  =  30  X 
1.34  =  40.2  h.p. 

167.  The  Power  Loss  in  any  Conductor  Traversed  by  an 
Alternating  Current  or  a  Direct  Current  is  always,  using  the  equa- 
tion of  Art.  164: 

(26)  P  =  P  X  R  (watts) 

or 

(28)  ^  =  \S  ^^™P-^ 

or 

(32)  R  =  P  -^  P  (ohms) 

Wherein  P  =  the  power  lost  in  the  conductor,  in  watts.  I  = 
current,  in  amperes,  in  the  conductor.  R  =  resistance  of  the  con- 
ductor, in  ohms.  This  rule  is  perfectly  general  and  applies  to  all 
direct-current   circuits  and  all  alternating-current  circuits  of 
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ordinary  voltages  and  frequencies.  The  watts  power  loss,  P, 
reappears  as  heat  power  and  heats  the  conductors  and  the  things 
adjacent  to  them.  The  heat  from  the  conductors  is  dissipated 
into  the  air  and  surrounding  objects. 

Example. — What  is  the  power  loss  in  the  incandescent  lamp  of  Fig.  96,  /? 
Solution.— Substitute  in  the  formula  (26):  P  =  n  XR  =  (2.2  X  2.2) 
X  98  =  4.84  X  98  =  474  loaUs. 

This  474  watts  appears  as  heat  raising  the  lamp  filament  to  a  white-hot 
temperature  and  thereby  produces  light. 

ExABCPLE. — What  is  the  power  loss  in  the  inductive  winding  of  Fig.  96,7/ 
with  an  alternating  current  of  3  amp.?  Solution. — Substitute  in  the  for- 
mula (26):  P  =  /*  X  /^  =  (3  X  3)7  =  9  X  7  =  63  watts. 

168.  Rating  Motors  in  Kilowatts  and  in  Horse  Power. — The 

kilowatt  and  the  horse  power  are  both  units  of  power.  For 
many  years  motors  were  rated  in  horse  power  because  most  of 


A.C.  Genera^r  Vofi-meier    Incanekscenf 

Ant/  Frequency  tReacfsZlO   LampJXOhms 


Iron  Core 


^       LOhm  ^ 


Currenf^d  Amp. 
IriducfmWndfngX 


Ci/rrw^=2.2Amfx      ^'7  Ohms 

I*Lo55  in  cin  Incandesenf  LciTTip  «  .  ' 

•  H'Loss  ma 

Winding 

FiQ.  96. — niustrating  watts  power  loss  in  conductors. 

the  possible  purchasers  of  motors  were  more  familiar  with  this 
unit  than  with  the  kilowatt.  Motors  are  now,  however,  rated  in 
kilowatts  because  this  is  the  most  convenient,  logical  and  accu- 
rate unit.  A  kUowaU  means  precisely  the  same  thing  the  world 
over  while  a  horse  'power  does  not  (see  Table  163).  Hence  in  the 
future  the  outputs  of  electric  motors  will  be  expressed  in  the  kilo- 
watts mechanical  power  available  at  the  shaft.  For  practical 
purposes,  the  horse-power  rating  of  a  motor  may  be  taken  as 
four-thirds  of  its  kilowatt  rating. 

169.  Energy  is  capacity  for  doing  work.  Any  body  or  medium 
which  is  of  itself  capable  of  doing  work  is  said  to  possess  energy. 
Energy  can  be  expressed  in  foot-pounds  or  in  units  that  can  be 
reduced  to  foot-pounds. 

Examples. — A  clock  spring  that  has  been  wound  up  or  coiled  possesses 
energy  because  m  unwinding  it  will  do  work  in  driving  the  clock  mechanism. 
A  moving  projectile  possesses  energy  because  it  can  overcome  the  resistance 
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offered  by  the  air,  by  armor  plate,  etc.,  and  thus  do  work.  A  charged  stor- 
age battery  possesses  energy  because  it  can  produce  electrical  energy  to 
operate  a  motor  or  to  do  many  other  kinds  of  work. 

170.  Energy  of  One  Sort  May  Be  Ttansfonned  into  Energy  of 
Another  Sort. — Heat  energy  in  coal  may  be  transformed  (but 
not  without  a  certain  loss)  by  a  boiler,  a  steam  engine  and  a  gen- 
erator, into  electrical  energy.  The  energy  possessed  by  a  stream 
of  flowing  water  may  be  transformed,  by  a  water  wheel  and  a 
generator  into  electrical  energy.  There  are  definite  nimierical 
relations  between  the  diflferent  sorts  of  energy. 

Examples. — 1  B.t.u.  (British  thermal  unit,  a  unit  of  heat  energy)  =  778 
ft.-lb.  In  electrical  units,  energy  is  expressed  in  waU-hours  or  in  kHowait' 
hours.    Thus,  1  kw.-hr.  -  2,655,000  ft.-lb.  «  1.34  h.p.-hr. 

171.  A  Kilowatt-hour  represents  the  energy  expended  if  work 
is  done  for  1  hr.  at  the  rate  of  1  kw.  1  kw.-hr.  =  2,655,000 
ft.-lb.  =  1.34  h.p.-hr.  A  waU-hour  is  one-thousandth  of  a  kilo- 
watt-hour.    1  watt-hr.  =  2,655  ft.-lb.  =  0.001,341  h.p.-hr. 

172.  A  Horse-power  hour  represents  the  energy  expended  if 
work  is  done  for  1  hr.  at  the  rate  of  1  h.p.  1  h.p.-hr.  =  1,980,000 
ft.-lb.  =  745.6  watt-hr.  =  0.746  kw.-hr. 

173.  Torque  is  the  measure  of  the  tendency  of  a  body  to 
rotate.  It  is  the  measure  of  a  turning  or  twisting  effort  and  is 
usually  expressed  in  pounds-feet  or  in  pounds  force  at  a  given 
radius.  Torque  may  exist  even  if  there  be  no  motion.  Thus,  in 
Pig.  97,7,  the  torque  at  the  circumference  of  the  drum  is  50  lb. 
so  long  as  the  weight  is  supported,  whether  the  drum  is  moving  or 
standing  still.  It  is  assumed  that  the  hoisting  rope  has  no  weight. 
Torque  is  sometimes  expressed  as  the  product  of  force  introducing 
the  tendency  to  rotate  times  the  distance  from  the  center  of 
rotation  to  the  point  of  application  of  the  force. 

Example. — In  Fig.  97.//,  the  torque  tending  to  turn  the  cylinder  in  the 
brick  wall  would  be  100  lb.  X  12  ft.  »  1,200  W.-fL  (In  some  text-books  this 
would,  inaccurately,  be  expressed  as  1,200  ft.-lb.) 

The  cylinder  can  not  turn  and  no  work  could  be  done,  yet  there 
is  torque.  Probably  the  best  way  of  expressing  torque  is  in 
terms  of  pressure  (or  force)  and  radius.  Thus  "  100  lb.  force  at 
12  ft.  radiita. "  Ordinarily  the  expression  is  given  for  unit  or  1 
ft.  radius.  Because  of  the  fact  that  many  writers  and  engineers 
erroneously  express  units  of  both  work  and  torque  in  foot-pounds 
a  confusion  sometimes  exists  regarding  the  distinction  between 
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the  two.  Work  (Art.  158)  is  properly  expressed  in  foot-pounds 
(ft.-lb.)  while  torque  should  be  expressed  in  pounds-feet  (Ib.-ft.)i 
or  preferably  in  pounds  at  a  given  radius. 

Example. — In  Fig.  98,  the  tigjit  side  of  the  belt  is  pulling  with  a  force  of 
50  lb.  and  the  loose  side  with  a  force  of  10  lb.     The  radius  of  the  pulley  is  2  ft. 


lever 


I-Work  cind  Torcjue  H-An  Example  of  Torque 

Fio.  97. — Examples  of  work  and  torque. 

Hence  the  torque  produced  by  the  tight  side  tending  to  turn  the  shaft  in  the 
counter-clockwise  direction  is:  50  ^6.  X  2  JL  =  100  Ih.-JL  The  torque  of 
the  loose  side  tending  to  rotate  the  pulley  in  the  clockwise  direction  is: 
10  Z6.  X  2  ji.  -  20  Ih.-jL  The  effective  torque — in  the  counter-clockwise 
direction— is  then:  100  Vb.-jU  -  20  W.-ft,  =  80  W.-fL  Or,  solving  the  prob- 
lem in  another  way:  50  lb.  —  10  lb.  = 
40  lb.  Then  the  effective  torque  is:  40 
W.  X2ft.  =  80  ft.-//. 

ExASfpLE. — The  motor  armature  of 
Fig.  99  is  developing  240  Ib.-ft.  torque. 
Then  the  pressure  on  the  pinion  and  gear 
teeth  at  the  pitch  line  which  is  6  in.  or 
half  a  foot  away  from  the  center  of  the 
motor  shaft  is:  2i0  W.-ft.  -^  0.5//.=  480 
U).  The  torque  exerted  on  the  shaft  of 
the  gear  is:  480  ft.  X2fi.  =  960  ft.-//. 
The  power  (Art.  159)  developed  by  the 
gear  is  no  greater — ^in  fact  it  is  a  trifle  smaller  due  to  friction — ^than  that  de- 
veloped by  the  pinion  for  the  reason  that  the  gear  makes  fewer  revolutions 
per  minute  than  does  the  pinion.  The  rate  of  doing  work — the  horse  power 
— of  the  pinion  and  of  the  gear  are  practically  the  same.  See  Art.  677  on 
"  Motor  Horse  Power." 

Example. — Fig.  100  indicates  how  an  electric  motor  develops  torque. 
This  is  treated  more  fully  in  Art.  627  and  following  articles.    It  is  there  shown 


Fig.  98. — Showing  how  torque  is 
exerted  by  a  belt. 
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that  when  current  flows  in  a  conductor  which  is  located  in  a  magnetic  field 
there  is  then  a  force  tending  to  thrust  the  conductor  from  the  field.  Thus, 
in  Fig.  100  the  battery  is  forcing  a  current  of  electricity  through  the 
conducting  loop  which  is  located  in  a  magnetic  field  due  to  two  permanent 
magnets.  The  loop  is  free  to  turn  on  the  shaft  but  is  insulated  therefrom. 
Due  to  the  interaction  of  the  current  in  the  loop  and  the  magnetic  field  a 
force  develops  tending  to  force  A  up  out  of  the  field  and  B  down  out  of  the 
field,  thus  producing  a  twisting  moment  or  torque  tending  to  rotate  the 
loop. 

Assume  that  the  force  tending  to  push  A  up  was  10  lb.,  that  the  force 
tending  to  push  B  down  was  10  lb.  and  that  the  distances  Ri  and  Rt  were 
each  6  in.  or  0.5  ft.  Then  the  A  would  exert:  10  W,  X  0.5  //.  =  5  ».-/<. 
torque.  Obviously  B  would  exert  the  same  and  in  the  same  direction. 
Hence,  the  total  torque  exerted  by  the  loop  would  be:  2  X  5  Ib.-ft,  =  10  lb,- 
ft.  torque. 


Fio.  99. — Transmission  of  torque  by     Fio.  100. — Illustrating  the  torque  which 
gears.  produces  the  rotation  of  a  motor. 

174.  The  Prony  Brake  Formtila  Explained.* — First,  consider 
the  brake,  B,  clamped  in  place  on  the  wheel,  as  shown  in  (Fig. 
101),  the  wheel  standing  still.  The  man  is  lifting  the  end  of  the 
brake  against  friction  with  a  force  of,  say,  200  lb.  Assume  that 
the  distance,  L,  is  10  ft.  In  forcing  the  end  of  the  brake  through 
one  complete  revolution  the  man  would  do:  2  X  10  ft.  X  3.1416 
X  200  lb.  =  12,566  fL-lb,  of  work,  regardless  of  the  time  con- 
sumed in  doing  it.  But  if  he  should  move  the  brake  around  once 
every  minute,  his  power  could  be  measured  in  terms  of  horse 
power,  for  power  (Art.  159)  is  the  rate  of  doing  work.  One 
horse  power  is  equivalent  to  33,000  ft.-lb.  of  work  per  min. 
Therefore,  if  he  did  push  the  brake  around  once  per  minute  he 
would  develop:  12,566  -^  33,000  =  0.381  h.p.  Thus,  in  order 
to  do  work  at  a  rate  equivalent  to  1  h.p.,  the  man  would  have  to 
push  the  brake  (against  a  resistance  of  200  lb.)  almost  3  r.p.m. 

*  N.  G.  Near,  in  the  Southern  Enqinesb,  November,  1015. 
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NoTB. — ^The  diameter  of  the  circle  through  which  his  shoulder  would  have 
to  move  would  be  twice  the  radius  L.  Hence,  the  distance  through  which 
his  shoulder  would  move  would  be  equal  to:  twice  L  muUiplied  by  3.1416. 
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Fig.  101. — Illustrating  the  idea  of  torque. 

If  the  force  he  exerts  on  the  lever  is  represented  by  F,  the  work 
he  would  do  during  each  revolution  would  be:  2  X  distance  L 
X  3.1416  X  F.    Denoting  the  number  of  revolutions  he  makes 


Fig.  102. — One  common  arrangement  of  a  prony  brake. 

per  minute  by  iV,  the  number  of  foot-pounds  of  work  he  would  do 
per  minute  would  be:  2  X  L  X  3.1416  XF  X  N.  To  reduce 
this  horse  power  it  is  now  necessary  to  divide  by  33,000  thus: 
2XLX  3.1416  Xf'XiV 


(37) 


h.p.  = 


33,000 


(horse  power) 
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This  formula  is  used  for  finding  the  brake  horse  power  of  all 
types  of  engines  and  motors.  When  running  a  test,  the  brake 
lever  is  arranged  (Fig.  102)  to  bear  a  scale,  S,  of  some  kind,  and 
the  pressure  exerted  upon  the  scale  is  regidated  by  means  of  the 
screw,  Rj  on  the  brake  where  the  ends  of  the  bands  are  joined 
together.  Each  revolution  of  the  engine  flywheel,  jE,  is  equiva* 
lent  to  one  complete  revolution  of  the  man  (or  of  the  scales) 
around  the  wheel.     The  same  work  would  be  done  in  either  case. 

176.  Input — Output  is  the  useful  energy  delivered  by  a  ma- 
chine or  device  while  input  is  the  energy  supplied  to  a  machine. 
Input  is  what  goes  in  and  output  is  that  portion  which  comes  out 
and  which  is  available  for  useful  work. 

176.  Efficiency  of  an  apparatus  is  the  ratio  of  its  net  power 
output  to  its  gross  power  input.  No  machine  gives  out  as  much 
power  or  energy  as  is  delivered  to  it.  There  is  always  some  loss 
due  to  friction  or  unuseful  heating.  It  is  for  this  reason  that  a 
perpetual-motion  machine  is  an  impossibility.  There  are  always 
unavoidable  losses  even  in  the  most  perfectly  constructed 
machines. 

Refer  to  Fig.  93:  If  the  water  motor  were  frictionless  its  power 
output  would  equal  its  power  input.  Likewise,  the  output  in 
horse  power  at  the  belt  of  the  motor  would  be  equal  to  the  power 
input  to  the  motor  if  there  were  no  losses  of  power  within  the 
motor.  Actually  there  are  losses,  sometimes  large  ones,  in  both 
water  and  electric  motors  and  in  all  other  machines.  In  making 
electrical  estimates  it  is  often  convenient  to  consider  that  the 
mechanical  power  output  of  a  machine  is  equal  to  its  input. 
Often  they  are  very  nearly  equal  because  the  efficiencies  of  elec- 
trical machines  are  high.  Some  average  efficiencies  are  given  in 
Table  177.  Efficiency  is  usually  expressed  as  a  percentage, 
thus,  "the  efficiency  of  a  certain  motor  is  80  per  cent."  This 
means  that  only  80  per  cent,  of  the  electrical  power  received  by 
the  motor  is  delivered  as  useful  power  by  the  motor  at  the  pulley. 
Stating  this  definition  as  a  formula: 

.         _  ouipiU output 

^    ^  ^^      ^  ~"  input  ^  output  and  losses 

or 

output 


^    ^  ^'^       efficiency 

or 

(40)  output  =  input  X  efficiency 
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"Note  that: — inptU  =  output  -h  losses. 

Example. — If  45  kw.  is  supplied  to  a  motor  and  its  output  is  found  to  be 
64.2  h.p.,  what  is  its  efficiency?  Solution. — Since  1  h.p.  =  0.746  kw., 
64.2  h.p.  =  54.2  X  0.75  =  40.6  kw.,  then  substituting  in  the  formula  (38): 
efficiency  =  output  -^  inpiU  =40.6  -^  45  =0.90  =90  per  cent,  efficiency. 

177.  Average  Efficiencies  of  Some  Common  Mechanical  and 
Electrical  Apparatus. — 


Machine 


Mechanical  Apparatus 


Efficiency, 
per  cent. 


Steam  engine 

Gas  engine 

Water  turbine 

Reciprocating  pump 

Centrifugal  pump 

Fan 

Electrical  Apparatus 

Generators,  medium  and  large 

Motors,  medium  and  large 

Transformers 

Small  motors,  fan  motors 


75  to  94 
65  to  88 
70  to  85 
60  to  90 
25  to  75 
50 


80  to  96 
75  to  95 
93  to  98 
35  to  60 


SECTION  7 
THE  GENERATION  OF  ELECTRICAL  ENERGY 

178.  Generation  of  Electrical  Energy. — This  subject  is  an 
important  one.  Hence,  the  student  should  peruse  this  division 
of  the  book  very  carefully.  The  reader  should,  before  he  pro- 
ceeds, be  certain  that  he  has  a  good  conception  of  the  meaning 
of  the  word  "energy"  (defined  in  Art.  169),  as  it  is  used  in 
engineering  parlance. 

179.  The  Real  Meaning  of  the  Term  ^^Generation  of  Elec- 
trical Energy." — It  should  be  understood  that  the  term  "genera- 
tion of  electrical  energy"  is,  in  a  sense,  misleading.  Electrical 
energy  can  not  be  generated  without  the  expenditure  of  some 
other  kind  of  energy.  What  we  really  mean  when  we  say  that 
we  are  "generating  electrical  energy"  is  that  we  are  transforming 
some  other  kind  of  energy  into  electrical  energy.  Thus,  a  gen- 
erator or  dynamo  (Art.  509)  is  a  machine  whereby  mechanical 
energy  can  be  transformed  into  electrical  energy.  A  cell  or  a 
battery  (Art.  330)  is  a  device  whereby  chemical  energy  is  trans- 
formed into  electrical  energy. 

Example. — In  Fig.  103,/  the  mechanical  energy  developed  by  the  steam 
engine  is  transmitted  to  the  generator  by  the  belt.  The  generator  trans- 
forms the  mechanical  energy  into  electrical  energy  which  in  turn  is  trans- 
mitted along  the  circuit  wires  to  the  incandescent  lamps.  The  lamps  are 
lighted  because  of  the  expenditure  of  electrical  energy  in  them. 

Example. — The  dry  cell  at  //  transforms  chemical  energy  into  electrical 
energy.  When  the  button  is  pressed  the  bell  rings,  by  virtue  of  the  electrical 
energy  transferred  from  the  cell  along  the  circuit  wires.  The  chemicals 
and  the  metals  comprising  the  cell  contain  chemical  energy.  As  the  cell  is 
used  this  epergy  is  consumed.  After  considerable  use  the  chemical  energy 
of  the  metals  and  chemicals  of  the  cell  will  be  "used  up" — ^the  cell  will  be 
"exhausted."  Then  new  elements  and  chemicals  must  be  supplied  or  a 
new  cell  must  be  installed  if  further  energy  is  required. 

When,  then,  a  device  or  arrangement  is  said  to  "generate 
electrical  energy,"  it  should  be  remembered  that  although  the 
device  does,  when  considered  in  one  way,  generate  electrical 
energy,  it  generates  only  by  virtue  of  the  expenditure  of  some 
other  kind  of  energy. 

125 


126 


PRACTICAL  ELECTRICITY 


[Art.  180 


180.  Other  Kinds  of  Energy  Can  Not  be  Transformed  into 
Electrical  Energy  without  Some  Loss  of  Energy. — For  example, 
all  of  the  energy  that  the  belt  of  Fig.  103,/,  imparts  to  the 
generator  will  not  be  imparted  by  the  generator  to  the  circuit 
wires.  If  the  generator  has  an  efficiency  (Art.  176)  of  90  per 
cent,  and  10,000  ft.-lb.  of  energy  is  imparted  to  it  by  the  belt  in 
an  hour,  only:  0.90  X  10,000  =  9,000  ft.4b.  of  energy  would  be 
imparted  to  the  circuit  wires  in  the  hour.  See  Art.  176  on 
"Efficiency."  No  machine  or  device  can  have  an  efficiency  as 
great  as  100  per  cent.  Most  machines  have  an  efficiency  much 
less  than  100  per  cent. 

Also,  with  the  dry  cell  of  Fig.  103,77,  all  of  the  chemical  energy 
of  its  elements  (Art.  373)  can  not  be  transformed  into  electrical 
energy  which  will  be  available  at  the  circuit  wires.  There  are 
certain  losses  of  energy  within  the  cell  which,  because  of  the 
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nature  of  things,  can  not  be  eliminated,  though  they  may  be 
minimized. 

181.  To  Generate  Electrical  Energy,  Electricity  Must  Be 
Forced  to  Move,  that  is,  an  electric  current — a  current  of  elec- 
tricity— must  be  established.  In  Art.  90  it  was  noted  that 
electricity  may  be  thought  of  as  a  medium  or  agency  for  trans- 
mitting energy.  When  we  generate  energy  we  force  some  of 
this  medium — electrons — ^to  move.  Electricity  in  motion  con- 
stitutes an  electric  current  (Art.  100).  Hence  to  generate  elec- 
trical energy  a  current  must  be  forced  through  a  circuit.  But,  as 
outlined  below,  a  voltage  is  always  necessary  to  force  current 
through  a  conductor,  that  is,  to  establish  a  current. 

182.  The  Establishment  of  a  Voltage  Is  the  First  Requirement 
for  the  Generation  of  Electrical  Energy. — It  should  be  understood 
that  electrical  energy  can  not  be  generated  directly.  When  it  is 
desired  to  generate  energy,  a  voltage,  difference  of  potential, 
electric  stress  or  pressure  (these  four  terms  are  practically  synony- 
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mous)  must  first  be  developed.  The  voltage  will,  if  a  suitable 
closed  circuit  (Art.  185)  is  provided,  keep  in  motion  along  the 
conductors  of  this  circuit  a  supply  of  electricity  so  long  as  the 
voltage  is  impressed.  This  supply  of  electrons  may  be  consid- 
ered as  being  already  in  existence  in  the  conductors  of  the  circuit 
and  when  a  voltage  is  applied  to  the  closed  circuit,  the  supply  is 
set  in  motion  and  it  remains  in  motion  so  long  as  the  voltage  is 
applied  and  the  circuit  is  closed.  As  outlined  in  Art.  181, 
electrical  energy  is  developed  when  an  electric  current  is  main- 
tained. Obviously,  then,  electrical  energy  is  a  result  of  an  elec- 
tric pressiu-e  or  voltage  forcing  an  electric  current  through  a 
circuit  for  a  given  period  of  time. 

When,  therefore,  it  is  desired  to  generate  electrical  energy, 
the  first  step  is  to  develop  a  voltage  by  one  of  the  methods  de- 
scribed in  Art.  184.  Then,  if  a  conductor  is  so  arranged  as  to 
form  a  closed  circuit,  so  that  the  voltage  can  force  the  electricity 
to  circulate  through  it,  electrical  energy  will  be  generated.  Elec- 
trical energy  can  not  be  developed  in  an  open  circuit,  that  is, 
there  can  be  no  energy  generated  until  current  flows;  this  follows 
from  the  statements  of  Art.  181. 

Example. — If  an  electric  generator,  for  example  that  of  Fig,  103,/,  be 
driven  at  its  rated  speed  it  will  develop  its  rated  voltage.  However,  it  will 
develop  no  energy  unless  its  external  circuit  be  closed,  that  is,  unless  current 
flows.  (It  does  develop  a  slight,  negligible  amount  of  energy,  that  necessary 
to  excite  itself,  but  it  produces  no  energy  for  the  external  circuit  unless  the 
circuit  is  closed.)  It  follows  then,  that,  since  "generation  of  electrical 
energy"  really  means  "transformation  of  energy,"  if  there  is  no  energy 
generated  there  is  none  transformed  from  mechanical  into  electrical  energy. 
Therefore,  the  belt  delivers  no  energy  to  the  generator  when  the  external 
circuit  is  open,  except  the  negligible  amount  of  energy  required  for  the 
excitation  of  the  generator. 

It  is  evident,  then,  that  a  generator  can  develop  a  voltage  without  generat- 
ing energy.  This  is  true  of  any  of  the  devices  for  generating  electrical 
energy.  All  of  them  can,  theoretically  at  least,  develop  voltage  without 
generating  energy. 

183.  Two  Conditions  Must  Be  Fulfilled  if  Electrical  Energy  Is 
to  Be  Generated,  that  is,  if  an  electric  current  is  to  be  made  to 
flow  (Art.  181).  These  conditions  are,  to  repeat:  (1)  There  must 
be  developed  an  electric  pressure,  difference  of  potentialy  e.m.f.  or 
voUage;  and  (2)  a  suitable  path  {closed  circuit)  must  be  provided 
through  which  electric  current  can  be  circulated  by  this  electric 
pressure.  These  conditions  are  analogous  to  those  necessary  for 
the  production  of  hydraulic  energy  in  a  hydraulic  circuit.     To 
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produce  a  flow  of  water  there  must  be:  (1)  A  hydraulic  pressure 
or  head;  and  (2)  a  path — ^pipe,  canal,  duct  or  flume — through 
which  the  water  can  be  forced  by  the  pressure. 

184.  Different  Methods  of  Generating  Electrical  Energy. — 
As  above  noted,  the  initial  step,  if  electrical  energy  is  to  be  gen- 
erated, is  to  produce  an  e.m.f.  or  voltage.  It  follows,  then, 
that  the  different  methods  of  developing  e.m.fs.,  as  outlined  in 
Art.  119,  are  also  the  methods  of  generating  electrical  energy. 

Thus :  r  (a)  By    Contact    of   Dissimilar 

Substances  {Art.  SIO), 
Methods  op  Developing       (6)  By   Chemical   Action   (Art. 

326). 
Electromotive  Forces         (c)  By   Friction    of   Dissimilar 

Substances. 

(d)  By    Eledromagnetic   Induc- 
.  tion  (Art.  416). 

Note. — If  the  above  four  methods  are  arranged  in  the  order  of  their  com- 
mercial importance  they  are:  (1)  Electromagnetic  Inductianf  (2)  Chemical 
Action,  (3)  Contact  of  DiesimUar  Substances^  (4)  Friction  of  Dissimilar 
Substances, 

It  is  probable  that  methods  (a),  (6)  and  (c),  above,  are  all  merely  manifes- 
tations of  the  development  of  e.m.f.  due  to  contact  of  dissimilar  substances 
which  is  specifically  noted  in  method  (a).  It  is  an  experimentally  estab- 
lished fact  that,  whenever  two  dissimilar  substances  are  placed  in  contact, 
an  e.m.f.  is  established  between  them. 

It  should  be  understood  that,  fundamentally,  the  above  four  methods  are 
merely  methods  of  developing  e.m.fs.  or  electric  pressures.  The  e.m.f., 
if  a  suitable  conductor  be  provided,  will  establish  a  current  and  energy  will 
be  generated  when  current  flows.  The  amount  of  energy  developed,  assum- 
ing a  constant  pressure  or  e.m.f.,  will  be  proportional  to  the  amount  of  elec- 
tricity which  flows.  And,  in  turn,  the  current  that  flows  will,  by  Ohm's  law 
(Art.  134),  be  inversely  proportional  to  the  resistance  of  the  circuit  upon 
which  the  e.m.f.  is  impressed. 


SECTION  8 


ELECTRIC  CIRCUITS 

186.  An  Electric  Circuit  is  the  closed  path,  consisting  of  con- 
ductors, in  which  the  electricity  is  moved  in  transferring  energy 
(Arts.  90  and  169).  Fig.  59  shows  a  simple,  electric-bell  circuit 
which  contains  the  important  elements  found  in  nearly  all  elec- 
trical circuits:  (1)  Apparatus  for  generating  electrical  energy:  the 
battery;  (2)  conductors  for  transmitting  the  electrical  energy:  the 
wiring;  (3)  a  device  for  controlling  the  electrical  energy:  the 
9wUch;  and  (4)  a  device  for  utilizing  or  converting  the  electrical 
energy:  the  bell.  Most  electrical  circuits  are  more  complicated 
than  this  simple  bell  circuit. 

'''^  Current  ofWiter  in  araMionf  :  " 


Fig.  104. — A  smple  hydraulic  circuit. 

186.  Analogy  between  Hydraulic  and  Electric  Circuits. — In 
Fig.  104  is  shown  a  hydrauUc  or  water  circuit.  In  such  a  circuit 
some  source  of  pressure  or  push  must  be  provided  to  force  the 
current  of  water  to  circulate  around  through  the  pipes  against 
the  opposition  offered  to  it  by  the  friction  of  the  fwpes.  The 
rotary  pump,  driven  by  a  belt,  provides  the  push  that  circulates 
the  current  of  water.  Note  that  the  pump  does  not  create  water; 
it  only  creates  push  or  pressure.  If  the  pump  stops,  the  current 
of  water  will  cease  to  circulate.  Now  note  the  similarity  to  the 
electricity  circuit  of  Fig.  106.  The  electric  "generator''  forces  a 
current  of  electricity  around  through  the  circuit  against  the  op- 
position {resistance,  Art.  124)  of  the  conductors  connected  in  the 
circuit.  Note  that  the  generator  does  not,  strictly  speaking, 
create  electricity,  although  generators  are  sometimes  incorrectly 
said  to  do  so.  The  generator  merely  creates  a  pressure — a  push 
9  129 
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— (voUage,  Art.  117)  which  causes  a  current  of  electrons  to  flow 
around  in  the  circuit.  Electrical  pressure  can  be  created  in  sev- 
eral other  ways  than  by  generators.  See  Art.  184.  For  instance, 
an  electric  battery  of  suitable  size  could  be  substituted  for  the 
generator  of  Fig.  105  and  this  battery  would  create  an  electrical 
push  or  pressure,  just  as  the  generator  does. 
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Fio.  105. — A  simple  electric  circuit. 

187.  A  Series  Circuit  is  one  in  which  the  components  are  con- 
nected in  tandem  as  in  Figs.  106,  107,  and  108.  A  series  hy- 
draulic circuit  is  shown  in  Fig.  106.  The  other  illustrations  show 
series  electric  circuits. 

Examples. — Series  circuits  find  their  most  important  commercial  applica- 
tion in  series  street  lighting  systems  using  series  incandescent  or  arc  lamps 
and  are  seldom  if  ever  used  in  this  country  for  the  transmission  of  power.  A 
constant-current  generator  or  some  other  device  is  used  for  series  lighting 


Fig.  106. — A  series  hydraulic  circuit. 


circuits.  These  devices  will  maintain  the  current  flowing  through  the  cir- 
cuit at  some  certain  value  but  wiU  automatically  vary  the  voltage  impressed 
(Art.  102)  on  the  circuit  in  proportion  to  the  total  resistance  of  the  circuit 
so  as  to  keep  the  current  constant. 

188.  The  Voltage  of  a  Series  Circuit  equals  the  sum  of  the 
voltages  across  the  components  of  the  circuit.  Hence,  if  it  is 
desired  to  know  what  voltage  must  be  impressed  on  a  series  cir- 
cuit, or  on  a  group  of  devices  connected  in  series,  to  cause  a  cer- 
tain current  to  flow  through  it:  We  must  first  ascertain  the  volts 


Sec.  8]  ELECTRIC  CIRCUITS  131 

required  by  each  component  by  multiplying  the  resistance  of  the 
component  by  the  current  (Art.  134).  All  of  the  component 
voltages  added  together  will  give  the  total  voltage  required. 

Example. — Each  of  the  eight  incandescent  lamps  in  the  series  circuit  of 
Fig.  107  has  a  resistance  of  4  ohms.  The  line  wire  has  a  total  resistance  of 
1  ohm.  What  voltage  must  be  impressed  on  the  circuit  to  force  a  current  of 
6  amp.  through  it?  Solution. — ^The  voltage  required  by  each  lamp  will, 
by  Ohm's  law,  be:JB  =  /Xi2=6X4=20  volts  per  lamp. 

For  the  eight  lamps,  the  voltage  necessary  will  be  8  X  20  =  160  volts. 
The  voltage  required  to  force  the  current  through  the  line  wires  will  be: 
E»/Xi2=5Xl»5  volU  for  wire.  Then  adding  to  obtain  total  vol- 
tage required:  160  +  5  «  165  volts.  Hence,  the  generator  must  impress 
165  volts  on  the  circuit  to  cause  5  amp.  to  flow. 

This  problem  could  have  been  solved  by  adding  together  the  component 
resistances  thtis:  8  X  4  »  32  ohms;  32  ohms  +  1  ohm  ^  33  ohms,  total. 
Now  multiply  this  33  ohms  by  the  current  5  amp.  »  33  X  5  =  165  voUs. 


Fio.  107. — A  series  electric  circuit. 

189.  The  Current  in  a  Series  Circuit  will  be  the  same  at  all 
parts  of  the  circuit  (after  the  first  fraction  of  an  instant  after  the 
current  commences  to  flow).  The  same  current  will  flow  through 
all  components  or  devices  that  are  connected  in  tandem  or  in 
series.  The  voltages  and  resistances  of  different  series-connected 
components  may  be,  and  probably  are,  different  but  the  current 
through  each  must  be  the  same. 

Example. — It  is  evident  in  the  hydraulic  series  circuit  of  Fig.  106  that  the 
gallons  per  minute  (current)  flow  must  (assuming  that  the  impressed 
hydrauUc  pressure  is  constant  and  that  the  pipes  are  kept  full),  be  the  same 
at  all  points  of  the  circuit.  The  current  past  point  /  must  be  equal  to  that 
past  any  other  point  mJ  or  K.  Similarly  in  the  electric  circuit  of  Fig.  107, 
if  5  amp.  is  flowing  through  at  L,  5  amp.  must  also  be  flowing  past  all  other 
points  in  the  circuit  as  for  instance  at  M  and  N.  When  direct-current  elec- 
tricity flows  through  a  conductor  its  action  is  just  as  if  it  spread  out  and  per- 
meated all  portions  of  a  conductor  similarly  to  the  way  in  which  water  may 
fill  a  pipe. 
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190.  The  Resistance  of  a  Series  Combination  equals  the  sum 
of  the  resistances  of  the  components.  It  is  evident,  from  Fig. 
108,  for  instance,  tliat  the  two  electric  bells  in  series  will  have, 
assuming  that  both  bells  are  just  the  same,  twice  the  resistance 
of  one  bell.  Connecting  devices  into  a  circuit  in  series  increases 
the  resistance  of  the  circuit. 

Example. — If  in  the  series  incandescent  lamp  circuit  of  Fig.  107  each  of 
the  eight  lamps  has  a  resistance  of  4  ohms  and  the  line  wire  has  a  total 
resistance  of  1  ohm,  the  resistance  of  the  complete  circuit,  exclusive  of  the 
resistance  of  the  generator  will  be. — 4  +4  +  4  +  4+4+4  +  4+4-1-1 
=  33  ohms. 

191.  Parallel,  Multiple  or  Shunt  Circuits  are  those  in  which 
the  components  are  so  arranged  that  the  current  divides  between 
them;  see  Figs.  110,  111  and  112.  It  follows  that  conductors 
so  arranged  in  a  circuit  that  there  are  as  many  paths  for  the 
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Fig.  108. — A  series  electric  bell  circuit. 

current  as  there  are  conductors,  may  be  said  to  be  arranged  in 
parallel  or  multiple.  A  parallel  circuit  is  therefore  a  divided 
circuit  (Art.  197).  The  principal  distinctions  between  series 
and  multiple,  practical  Ughting  and  power  circuits  are:  (1)  In  a 
series  circuit,  the  current  is  automatically  maintained  constant 
and  the  voltage  impressed  on  the  circuit  to  force  the  current 
through  varies  as  the  load  connected  to  the  circuit  varies;  (2) 
in  a  parallel  circuit,  the  current  through  the  generator  varies 
with  the  load  and  the  voltage  impressed  on  the  circuit  is  automat- 
ically maintained  practically  constant.  Nearly  all  power  trans- 
mission circuits  and  interior  lighting  circuits  are  parallel  circuits, 
hence  a  thorough  understanding  of  the  parallel  circuit  is  essential. 
192.  A  Hydraulic  Analogy  to  a  Parallel  Circuit  is  shown  in  Fig. 
109;  the  corresponding  electric  circuit  is  shown  in  Fig.  110. 
The  belt-driven  pump  forces  the  current  of  water  through  the 
circuit.    If  pipes  Pi  and  P%  are  sufficiently  large,  there  will  be 
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practically  the  same  pressure  between  ax  and  as,  bi  and  h%  and  , 
d  and  cj.  It  follows  that  practically  the  same  current  or  amouni/ 
of  water  will  flow  through  each  of  the  parallel-connected  coils 
A  J  B  and  C,  it  being  assumed  that  the  coils  are  all  alike.  If, 
however,  pipes  Pi  and  P%  are  small,  a  considerable  portion  of  the 
pressure  developed  by  the  pump  will  be  consumed  in  overcoming 
the  opposition,  friction,  of  the  current  of  water  against  the  in- 
terior of  the  pipe.  There  will  be  a  loss  or  drop  in  pressure  in 
Pi  and  a  similar  loss  in  Pj.  The  pressure  across  ar^t  will  be  less 
than  that  developed  by  the  pump  at  Pi-Pt.  And  the  pressure 
across  Cr-€%  will  be  less  than  that  across  ai-oj.  The  current  of 
water  that  flows  through  coils  A,  B  and  C  will  be  proportional 
to  the  pressure  across  them.  It  follows  then  that  if  Pi  and  P2 
are  small,  a  considerably  smaller  current  will  flow  through  B 
than  through  A.    A   considerably  smaller   current  will   flow 


Fio.  109. — A  parallel  or  multiple  hydraulic  cirouit. 

through  C  than  through  either  A  or  B,  because  C  is  the  furthest 
away  from  the  pump. 

Example. — Assume  that  the  pump  (Fig.  109)  develops  110  lb.  per  sq.  in. 
pressure  across  Px-Pt  and  that  the  friction  of  the  water  in  the  pipes 
Pi  and  Pt  causes  the  pressure  to  fall  to  104  lb.  per  sq.  in.  across  the  nearest 
coil  ai-at.  Correspondingly,  the  pressure  might  drop  to  102  lb.  per  sq. 
in.  across  br-bt  and  to  100  lb.  per  sq.  in.  across  ci-ct.  The  total  drop  or 
loss  in  pressure  between  Pi-Ps  and  ai-at  is  110  —  104  «  6  lb.  per  sq. 
in.  Half  of  this  pressure  is  lost  in  Pi  and  half  in  Ps  as  shown  on  the  illus- 
tration, it  being  assumed  that  both  pipes  are  the  same  size.  It  follows  that 
the  pressure  pushing  water  through  A  is  104  lb.  per  sq.  in.;  that  pushing 
through  B  is  102  lb.  per  sq.  in.  and  that  through  C  is  100  lb.  per  sq.  in. ; 
whereas  the  pump  develops  110  lb.  per  sq.  in.  Note  that  the  piping  system 
is  so  laid  out  that  most  of  the  loss  of  pressure  (104,  102  and  100  lb.)  occurs 
in  the  pipe  coils  A,  B  and  C  which  are  of  very  small  diameter  as  compared 
with  the  main  pipes  Pi  and  Pt.  There  is  practically  no  loss  of  pressure  (10 
lb.  total)  in  the  main  pipes. 


134 


PRACTICAL  ELECTRICITY 


[Art.  192 


The  hydraulic  circuit  just  described  for  distributing  water 
through  the  pipe  coils  is,  in  general,  analogous  to  the  electric 
circuit  shown  in  Fig.  110  for  distributing  electrical  energy.  In 
the  hydraulic  circuit  the  belt-driven  pump  creates  a  pressure 
that  causes  the  current  of  water  to  flow.  In  the  electric  circuit 
the  generator  creates  a  pressure  that  causes  electricity  to  flow. 
The  hydraulic,  pipe  coils  receive  water  at  a  practically  constant 
pressure  as  do  the  electric  lamps.     The  drop  in  pressure  in  the 
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Fig.  110. — A  parallel  or  multiple  electric  circuit. 

pipe  increases  as  the  current  of  water  increases.  The  drop  in 
voltage  in  the  mains  increases  as  the  current  of  electricity  in- 
creases. If  in  either  circuit,  too  many  pipe  coils  or  too  many 
lamps  are  connected  between  the  mains,  the  drop  in  pressure  or 
voltage  will  be  excessive  and  it  will  then  be  necessary  to  install 
larger  supply  pipes  or  wires  to  maintain  the  pressures  across 
each  of  the  coils  or  each  of  the  lamps  at  practically  the  same 
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Fio.  111. — Electric  bells  connected  in  parallel. 

value.  It  is  assumed  that  the  pump  is  of  ample  size  to  maintain 
the  pressure  across  its  outlets  Pi  and  P^  at  a  constant  pressure 
regardless  of  the  magnitude  of  the  load  that  is  imposed  on  it. 
Likewise,  it  is  assumed  that  the  generator  is  big  enough  to 
maintain  a  constant  terminal  voltage  for  any  load. 

Example. — In  Fig.  110  the  wires  W\  and  Wt  correspond  to  the  large  pipes 
of  Fig.  109.  The  incandescent  lamps  A,  B  and  C  correspond  to  the  pipe 
coib.  For  illustration,  the  pressures  in  volts  in  this  electric  circuit  have 
been  made  to  correspond  with  the  pressures  in  pounds  per  square  inch  in  the 
hydraulic  circuit.     There  is  a  certain  drop  in  voltage,  as  shown,  in  the  wires 
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that  carry  the  current  of  electricity  to  the  lamps.  But  the  wires  are  big 
enough  that  this  loss  is  relatively  small  and  that  the  voltages  impressed  on 
all  of  the  lamps  by  Wi  and  Wt  are  practically  the  same.  As  more  lamps  are 
connected  between  wires  Wi  and  Wt  the  voltage  drops  in  these  wires  will 
increase. 

Lamp  C  receives  only  100  volts;  lamp  B,  102  volts  and  lamp  Ay  104  volts. 
(The  differences  between  these  voltages  are  greater  than  are  permissible  in 
practice  and  are  used  only  for  illustration.)  If  c  is  much  dimmer  than  A 
and  B,  it  is  an  indication  that  Wi  and  W  a  are  too  small.  In  practice  several 
thousand  lamps  may  all  be  connected  in  parallel  to  one  generator ;  if  the  wires, 


tAmp. 
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Fio.  112. — Distribution  of  current  in  a  parallel  circuit. 

corresponding  to  W\  and  TTs,  are  brge  enough  there  will  be  no  perceptible 
difference  in  the  brilliancies  of  the  lamps  when  they  are  all  Ughted.  It  fol- 
lows that  the  voltage  impressed  on  a  circuit  by  a  battery  generator  or  other 
source  must  always  be  some  greater  than  the  voltage  necessary  at  motors, 
lamps  or  other  receivers.  This  is  necessary  to  provide  for  a  certain  unavoid- 
able drorp  €T  "loss"  of  voltage  in  the  conductors  between  the  source  and  the 
receivers.  How  to  calculate  wire  sizes  by  the  Ohm's  law  principle  so  as  to 
keep  this  voltage  drop  within  permissible  limits  is  discussed  in  tiie  author's 
Ambbican  EuscTBiaAx's  Handbook. 


I-Vol+ag«  n- Current  DI-Resiatunce 

Fio.  113. — Voltage,  current  and  resistance  of  parallel-connected  receivers. 

193.  The  Voltage  Across  a  Group  of  Conductors  Connected 
in  Parallel  is  the  same  as  the  voltage  across  each  member  of  the 
group.  This  is  precisely  true  only  where  all  of  the  conductors 
join  the  mains  that  serve  them  at  exactly  the  same  point,  as  in 
Fig.  113,7.  Where  the  conductors  that  are  in  parallel  do  not 
connect  to  the  mains  at  exactly  the  same  point,  as  in  Fig.  110, 
the  voltages  across  the  conductors  will  not  be  exactly  the  same 
but  they  may  be  very  nearly  the  same. 

Example. — ^In  Pig.  113,/  the  voltage  across  A,  B,  C  and  D  is  exactly  the 
same. 
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194.  The  Total  Current  to  a  Parallel-connected  Group  of  Con- 
ductors equals  the  sum  of  the  currents  in  the  conductors. 

Examples. — ^The  current  values  shown  in  Fig.  113,//,  illustrate  this  prin- 
ciple. The  current  values  shown  on  Fig.  112  also  show  the  distribution  of 
current  in  a  parallel-connected  circuit.  Motors,  heating  devices  or  other 
receivers  requiring  electricity  for  their  operation  could  be  substituted  for 
the  incandescent  lamps  if  the  proper  current  values  were  substituted  for 
those  shown.  Note  that  the  current  in  the  main  conductors  decreases 
toward  the  end  of  the  run.  The  voltage  at  the  end  of  the  run  is  less  than 
that  impressed  by  the  generator. 

196.  The  Resistance  of  a  Parallel-connected  Group  of  Con- 
ductors is  equal  to  the  reciprocal  of  the  sum  of  conductances  of 
the  conductors.  A  parallel-connected  group  of  conductors  con- 
stitutes a  divided  circuit  (Art.  197). 

Example. — The  resistances  of  t.he  parallel-connected  conductors  of  Fig. 
113|///  are  respectively  2,  4,  6  and  8  ohms.     The  sum  of  their  conductances 
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Fio.  114. — Parallel-series  and  series-parallel  circuit. 
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2+4+g+g-24  °^^  ^^^'  ^^^)*     "^^  reciprocal  of  ol  "  05 


0.96. 


Therefore,  the  resistance,  from  C  to  D,  of  the  group  of  conductors  is  0.96 
ohm, 

196.  Adding  Receivers  or  Conductors  in  Parallel  to  a  Circuit 
is  reaUy  equivalent  to  increasing  the  cross-section  of  the  imaginary 
conductor  formed  by  all  the  receivers  in  parallel  between  the  -|- 
and  the  —  sides  of  the  circuit.  That  is,  it  is  equivalent  to  decreas- 
ing the  resistance  of  the  circuit. 

197.  A  Divided  Circuit  (Figs.  113  and  114)  is  really  one  form 
of  a  multiple  cbcuit  (Art.  191).  The  distinction  between  the  two 
sorts  appears  to  be  that,  as  ordinarily  used,  the  term  "divided" 
refers  to  an  isolated  group  of  a  few  conductors  in  parallel  rather 
than  to  a  group  of  a  large  number  of  widely  distributed  con- 
ductors in  parallel. 

198.  To  Compute  the  Resistance  of  a  Divided  Circuit  or  of  a 
Number  of  Conductors  in  Parallel,  the  following  formula,  which 
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follows  from  the  explanation  of  Art.  195,  can  be  used.  There 
should  be  as  many  terms  in  the  denominator  of  the  formula  as 
there  are  conductors  in  parallel: 

(41)  R  =  .j -. \ -. (ohms) 

-  +  -  +  -  +  -,  etc. 
T\      r%      rz       Ti 

Wherein  R  =  the  total  resistance,  in  ohms,  of  the  group,  ri, 
rj,  ra,  etc.,  are  the  respective  resistances,  in  ohms,  of  the  parallel- 
connected  conductors  forming  the  group. 

Examples  (see  Art.  195  for  an  example). — What  is  the  joint  resistance  of 
the  conductors  in  the  divided  circuit  shown  in  Fig.  1 15.  In  other  words  what 
is  the  resistance  from  Ato  B,    Solution. — Substitute  in  the  formula  (41): 


SohmsT, 
-AAAAA- 


fOohmsTi 
WAAAAAAAA^ 


tSohmsT^ 


Fio.    115. — Example  of  a  divided 
circuit. 
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Fig.  116. — Hydraulic   analogy  of   a 
divided  circuit. 


199.  A  Hydratilic  Analogy  for  a  Divided  Circuit  is  shown  in 
Fig.  116.  It  is  evident  that  as  parallel  pipes  A,  B,  C,  etc.,  are 
added  in  parallel  between  the  pipes  Pi  and  P^  the  opposition  to  the 
flow  of  water  between  Pi  and  Pj  will  be  decreased,  that  is  the 
resistance  between  Pi  and  Pa  is  decreased.  A  similar  decrease  in 
resistance  occurs  when  electric  conductors  are  added  in  parallel 
between  two  wires  so  as  to  form  a  divided  or  multiple  circuit. 

200.  *A  Parallel-series  or  a  Multiple-series  Circuit  (Fig. 
114,7)  consists  of  a  number  of  minor  circuits  in  series  with  each 
other  and  which  are  then  connected  in  parallel.  Or,  a  parallel- 
series  circuit  consists  of  a  number  of  series  circuits  connected  in 
parallel.  Arc  and  incandescent  lamps  for  exterior  illumination 
are  sometimes  arranged  in  this  way.  For  example,  five  arc  lamps 
each  requiring  a  pressure  of  100  volts,  or  ten  incandescent  lamps 

*  See  footnote,  p.  138. 
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requiring  50  volts  each,  and  then  these  series  groups  are  con- 
nected across  a  500-volt  railway  circuit. 

201.  *A  Series-parallel  or  a  Series-multiple  Circuit  (Fig. 
114,//)  consists  of  a  number  of  minor  circuits  connected  in  paral- 
lel and  several  of  these  parallel  circuits  connected  in  series.  Or  a 
series-parallel  circuit  comprises  a  series  connection  of  a  number  of 
multiple  circuits. 

202.  Eirchoff's  Laws,  so-called  in  honor  of  the  man  who  devel- 
oped them,  are  derived  from  Ohm's  law  and  are  very  important. 
They  are:  (1)  At  any  point  in  a  circuit  the  sum  of  the  currents, 
directed  toward  the  point  is  equal  to  the  sum  of  the  currents  directed 
away  from  the  point.    This  law  is  illustrated  by  Fig.  117,/, 
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Fig.  117. — niuatrating  Kirchoflfs*  laws. 

wherein  /  =  the  total  current  from  the  battery,  ii,  ij,  ig,  etc.  = 
currents,  portions  of  the  main  current  in  the  minor  conductors. 
Expressing  this  law  as  a  formula,  referring  to  Fig.  117,/: 

(42)  /  =  t'l  +  t2  +  iz  +  ii  (amp.) 


or 

(43) 

or 

(44) 


/    =   t'l   +  tB 


ie  =  is  +  i4 


(amp.) 


(amp.) 


Similar  formulas  can  be  applied  to  any  circuit.  The  second 
law  is:  (2)  In  any  closed  circuity  the  sum  of  the  IB  {current  X 
resistance)  drops  around  any  one  path  is  equaltothee.m.fs.  impressed 

*  There  haa  been  some  confusion  regardins  the  exact  meaningn  of  the  terms  "i>arallel' 
■eriee*'  and  "seriee-paralleL*'  The  definitions  as  above  given  represent  the  beet  opinions 
that  it  has  been  poesible  to  secure.  Mr.  Steinmets,  consulting  engineer  of  the  General 
Electric  Company,  and  Mr.  Lamme,  chief  engineer  of  the  Westinghouse  Company  agree  on 
the  above  definitions.  It  is  understood  that  a  majority  of  the  American  Institute  of  Elec- 
trical Engineers  Standardising  Committee  favor  the  above  given  definitions. 
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on  that  path.  See  Fig.  117,7/  for  an  illustration.  This  law 
expressed  as  a  formula  (a  similar  formula  can  be  written  for  any 
circuit),  applying  to  the  lettering  of  Fig.  117,77,  becomes: 

(45)  ^  =  7i  X  /2i  =  7,  X  /22  =  7,  X  iJs 

203.  Polarity  of  Direct-current  Circuits  Can  Be  Determined 
by  the  Evolution  of  Hydrogen  at  the  Negative  Conductor.* — As 
shown  in  Fig.  1 18,  if  the  two  ends  of  conductors  connecting  respec- 
tively to  the  sides  of  a  circuit,  having  impressed  on  it  a  direct- 


Snrrf  tffEMt 


PiQ.  118. — Determination  of  polarity  by  presence  of  hydrogen  bubbles. 

current  voltage,  are  dipped  in  a  vessel  of  water,  hydrogen  bubbles 
will  form  but  only  at  the  end  of  the  conductor  that  connects  to 
the  negative  (— )  side  of  the  circuit.  The  current  flows  toward 
the  wire  end  on  which  the  bubbles  form.  This  also  constitutes  a 
method  of  detecting  a  direct  e.m.f.  Where  the  voltage  is  very 
low — such  as  that  produced  by  a  primary  cell — ^it  may  be  neces- 
sary to  dissolve  some  common  salt  in  the  water  to  render  it  suffi- 
ciently conducting  that  hydrogen  will  be  formed.  Care  must  be 
taken  that  the  wire  ends  do  not  touch  and  make  a  "short-circuit.'* 

*  See  also  articles  "Praetical  Tests  for  Proving  Polarity"  in  Southbbn  Enoinsbbs,  Feb- 
rusiy  and  March  issues,  1917. 
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ELECTROMAGNETISM 

204.  Current  Electricity  Always  Produces  a  Magnetic  Field- 
er, in  other  words,  electrons  in  motion  always  produce  a  mag- 
netic field.    Wherever  there  is  a 

current  of  electricity,  there  must         -  ^^^""^  ^JL^^"^  ^y^'^^ 
also  be  a  stream  of  magnetic  lines 
of  force — or  a  magnetic  current. 
The  magnetic  field  produced 


..tin     . 
Cmtlhoani 


Fio.  119. — Magnetic  spectrum  about 
a  conductor  carrying  a  current. 


Fio.  120. —  Showing  magnetic 
spectrum  of  field  about  a  conductor 
carrying  current. 


a  current  of  electricity  always  lies  at  right  angles  to  the  current 
that  produces  it.  The  truth  of  these  statements  can  be  demon- 
strated by  many  experiments,  for  instance: 

Example. — ^If  a  conductor  be  ar- 
ranged as  shown  in  Fig.  119  and,  the 
key  being  closed ,  iron  filings  are  sifted 
on  the  horizontal  cardboard,  a  mag- 
netic spectrum  (Fig.  120)  will  form. 
The  directions  of  the  lines  of  force 
about  the  conductor  will  be  in  con- 
centric circles.     Two  or  three  dry  cells 
will  supply  sufficient  current.     If  a 
conductor  carrying  the  current  (Fig. 
121)  of  two  or  three  ceUs  be  dipped  in 
iron  filings  some  of  the  filings  will  adhere  to  it  indicating  that  it  now  has 
magnetic  properties.     If  the  current  ceases  to  flow  through  the  conductor, 
the -filings  will  drop  off. 

206.  The  Magnetic  Field  About  a  Straight  Wire  carrying  cur- 
rent will  be  somewhat  as  indicated  in  Fig.  122.    If  the  direction  of 
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Fig.  121. — Magnetic  effect  of  a  con- 
ductor carrying  current. 
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the  current  through  the  wire  were  reversed,  the  direction  of  the 
lines  of  force  would  be  reversed.  Each  line  of  force  is  a  complete 
closed  circle  around  the  conductor.  If  an  isolated  north  pole 
(this  is  an  imaginary  conception  because  such  an  "isolated^*  pole 
can  not  exist)  were  placed  in  this  circular  field  enclosing  the  con- 
ductor,  it  would  whirl  around  and  aroimd  in  a  circular  path  in 


(Co  -  • 


Orcutar  lines 
of  force 


It- Side    View. 

FiQ,  122. — Magnetic  field  or  lines  of  force  about  a  straight  conductor  carrying 

current. 


H-RigM-EndVtew. 
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the  direction  of  the  lines  of  force.  Note  that,  in  /  and  ///,  the 
circular  lines  of  force  become  further  and  further  apart  as  the 
distance  from  each  to  the  conductor  increases.  This  is  a  graphic 
way  of  showing  that  the  strength  of  magnetic  field  around  the 
conductor  decreases  as  the  distance  from  the  conductor  increases. 
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FiQ.  123. — Deflection  of  a  compass  needle  when  near  a  conductor  carrying 

current. 

206.  Experimental  Proof  of  the  Existence  of  a  Magnetic  Field 
About  a  Conductor  Carrying  Electricity. — If  a  pocket  compass. 
(Fig.  123)  be  brought  close  to  a  wire  through  which  no  current  is 
passing,  the  compass  needle  will  remain  in  its  normal  position  as 
at  /.  That  is,  it  will  rest  with  its  north-seeking  end  pointing 
toward  the  north  pole  of  the  earth.  Now  if  a  relatively  strong 
electric  current  be  forced  through  the  conductor,  the  compass 
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needle  will  swing  to  a  position  at  right  angles  to  the  conductor 
as  at  //.  If  the  direction  of  flow  through  the  conductor  be  re- 
versed, the  compass  needle  will  reverse  as  at  ///.  This  shows 
that  there  is  a  magnetic  field,  a  flux  of  Unes  of  or  a  ''magnetic 
current" — associated  with  the  conductor. 

207.  The  Correct  Conception  of  a  Field  of  Magnetic  Flux 
Around  a  Conductor  Canying  Current — It  should  not  be 
assumed  that  the  circular  Unes  of  force  enshrouding  the  con- 
ductor permeate  only  the  space  immediately  adjacent  to  the 
conductor  as  diagrammed  in  Fig.  122.  Actually  these  Unes 
permeate  all  space,  extending  out  from  the  conductor  to  an  infi- 
nite distance.  But  the  field  becomes  weaker  and  weaker — as 
the  square  of  the  distance — as  the  distance  from  the  current- 
carrying  conductor  increases.     That  is,  the  circular  Unes  become 
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Fig.  124. — Methods  of  determining  direction  of  magnetic  field,  current  direction 
being  known,  and  vice  versa. 

further  and  further  apart  as  the  distance  from  the  conductor 
increases.  Fig.  122  is  only  an  iUustrative  diagram  because  the 
actual  conditions  could  not  be  represented  in  the  space  available 
for  the  iUustration. 

In  practice,  the  field  usuaUy  becomes  so  weak  a  short  distance 
away  from  the  conductor — a  few  inches  to  a  few  feet — that  it 
can  be  assumed  for  aU  practical  purposes  that  there  is  no  field 
except  within  the  volume  of  space  quite  close  to  the  conductor. 
Also,  the  field  is  distributed  uniformly  along  all  portions  of  a 
conductor  in  which  there  is  the  same  current  in  amperes.  See 
Arts.  226  and  56  for  definitions  of  "a  line  of  force." 

208.  Rules  for  the  Direction  of  a  Magnetic  Field  About  a 
Straight  Wire. — The  field  always  lies  at  right  angles  to  the  con- 
ductor as  shown  in  Fig.  122.    The  direction  of  the  field  bears 
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the  same  relation  to  that  of  the  current  that  the  direction  of 
rotation  of  a  right-hand  screw  (Fig.  124,/)  bears  to  its  forward 
or  backward  motion.  If  a  wire  through  which  electricity  is 
flowing  is  so  grasped  (Fig.  124,777)  with  the  right  hand  that  the 
thumb  points  in  the  direction  of  the  current  flow,  the  fingers  will 
point  in  the  direction  of  the  magnetic  field  and  vice  versa.  If 
one  looks  along  a  current-carrying  conductor  in  the  direction 
of  the  current,  the  direction  of  the  magnetic  field  will  be  clock- 
wise, that  is  in  the  same  direction  as  the  hands  of  a  watch. 
K  209.  A  Con^Miss  Can  be  Used  to  Determine  the  Direction  of 
the  Current  Flow  in  a  Wire. — If  the  compass  is  placed  under  a 
conductor  (Fig.  123)  in  which  electricity  is  flowing  from  south  to 
north,  the  north-seeking  end  of  the  needle  will  be  deflected  to  the 
west.    If  the  compass  is  placed  over  the  conductor,  the  north- 


I-Current  flowing  In  3ame 
Direction 


H"  Current  FTowCng  in  Oppon^t 
^irettiona 


Fio.  125. — Illustrating  action  of  parallel  currents. 

seeking  end  of  the  needle  will  be  deflected  to  the  east.  If  the 
direction  of  current  flow  in  the  conductor  is  reversed,  the  direc- 
tion of  deflection  of  the  needle  will  be  reversed  correspondingly. 
A  magnetized  needle  always  tends  to  place  itself  at  right  angles 
to  a  conductor  carrying  current.  The  north,  that  is  the  north- 
seeking,  end  of  the  needle  will  point  in  the  direction  of  the  mag- 
netic field.  This  direction  can  be  determined  by  any  of  the  rules 
of  Art.  208. 

210.  Laws  of  Action  Between  Currents. — Conductors  carrying 
currents  attract  or  repel  each  other — or  tend  to — ^because  of  the 
magnetic  fields  (lines  of  force)  generated  around  the  conductors 
by  the  action  of  the  currents.  These  three  very  important  laws 
are: 


X.  Parallel  currerUs  flowing  in  the  9ame  direction  attract.     This  is  demon- 
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Btrated  by  the  experiment  of  Fig.  125,7.  Where  the  currents  are  flo«nng  in 
the  same  direction  in  both  conductors,  the  lines  of  force  tend  to  encircle  both 
conductors  and  contract  like  stretched  rubber  bands  drawing  the  conductors 
together. 

2.  Parallel  currents  flawing  in  opposite  diredions  repel  as  shown  in  Fig. 
125,77.  The  oppositely  flowing  currents  generate  circular  lines  of  force 
about  them  that  are  swirling  in  the  same  direction,  hence  they  repel. 

3.  Currents  making  an  angle  with  each  other  tend  to  became  parallel  and  to 
flow  in  the  same  direction.  This  law  is  demonstrated  by  the  experiment  of 
Fig.  126,7  and  77. 

All  of  the  three  above  laws  may  be  incorporated  into  one  statement,  which 
is  one  of  the  so-called  Maxwell's  laws,  thus:  Any  two  circuits  carrying  current 
tend  to  so  dispose  themselves  that  they  voW,  include  (he  largest  possible  number 
of  lines  of  force  common  to  the  tioo. 

211.  Another  of  "Maxwell's'*  Laws:  Every  dectromagneiic 
system  tends  to  change  its  configuration  so  thai  the  exciting  circuit 


Conefuchr 
Carryina 
Currerfr 


ftoaftna 


dalftry 

1- Original  Position. 


Scrfftrt^ 


H-Rnal  PoaH-ion.     BI- Two  Solenoid*. 
Fia.  126. — niustrating  the  magnetic  properties  of  solenoids. 

will  embrace  the  maximum  number  of  lines  of  force  in  a  positive 
direction.  This  means  that  any  coil  or  loop  which  carries  current 
will  alwa3rs  tend  to  turn  shift  or  distort  into  such  a  position  or 
shape  that  the  flux  enclosed  by  it  will  be  the  greatest  possible 
and  that  the  flux  lines  will  all  be  in  the  same  direction.  This  law 
is  very  important  because  it  explains  effectively  the  operation 
of  electric  motors  (Art.  626)  measuring  instruments  and  other 
essential  phenomena.  The  law  applies  to  every  arrangement 
of  closed  circuits  and  magnetic  field,  irrespective  of  whether  the 
fields  are  produced  wholly  or  partially  by  the  circuit  or  by  other 
means. 

Examples. — In  Fig.  127,  the  helix  and  the  magnetized  knitting  needle 
tend  to  turn  into  such  positions  that  the  exciting  circuit — ^the  helix — ^will 
enclose  the  maximum  flux  and  so  that  the  flux  due  to  the  helix  will  be  in  the 
same  direction  as  that  due  to  the  knitting  needle.     In  this  case  the  flux  is 
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due  partly  to  the  exciting  circuit  and  partly  to  the  permanent  magnet,  the 
needle  which  is  held  in  the  paper  stirrup. 

Now  consider  the  apparatus  of  Fig.  128  where  the  flux  is  due  wholly  to  the 
exciting  circuit.  The  copper-wi  re  bridge  floats  on  the  mercury  and  makes  elec- 
trical oonnection  with  it.    With  no  current  flowing,  the  bridge  wire  is  placed 

tk/k  9fS',0fL  20,  tnauhhd 
copptr  W&9 


"6h$slts$€/ 
Oiluh  SuMnrie 
Add  S^turion 

ZineS&ip 
Fio.  127. — Construction  of  a  floating 
battery. 


Fko.  128. — Apparatus  for  illustrat- 
ing Maxwell's  law. 


in  the  position  shown  in  the  illustration.  Now  a  current  is  forced  through  the 
mercury  and  bridge  in  the  direction  indicated.  A  flux  is  then  produced  by 
current  as  pictured  and  the  bridge  is  immediately  thrust--due  to  the  side- 
ways crowding  tendency  of  the  flux  lines  (Art.  56) — ^to  the  position  BCPE, 
Note  that  the  flux  enclosed  by  the  exciting  circuit  was  originally  only  that  in 


Ti/rfiUff  Jsf*/^ 


Otft 


JL- Field  Around  Tum»  in 
A  Helix 


I-  field  Around  One  Turn 

Fko.  129. — Magnetic  fields  around  looped  conductors. 


area  A  BEJD.     However,  obeying  its  tendency  to  embrace  the  maximum  flux, 
the  area  enclosed  by  the  circuit  enlarges  until  it  is  that  designated  by  ACFD. 

212*  The  Magnetic  Field  About  a  Conducting  Loop  or  Turn 
carrying  electricity  is  roughly  represented  in  Fig.  129,/.  The 
same  circular  lines  of  force  or  magnetic  field  surrounds  the  con- 
ductor as  when  it  was  straight,  shown  in  Fig.  122.    However, 
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wh^  the  conductor  is  bent  into  a  loop  (because  the  cil;ular  lines 
of  force  all  whirl  around  the  conductor  in  the  same  direction)  all 
of  the  lines  enter  at  one  face  of  the  loop  and  le(we  at  the  other 
face  of  the  loop.  This  creates  a  north  pole  at  one  face  of  the 
loop  and  a  south  pole  at  the  other  face  (Art.  215)  in  accordance 
with  the  provisions  of  the  right-hand  rule  of  Art.  216.     The 
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E-Ir*on  Core 
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Fia.  130. — Illustrating  effect  of  an  iron  core  in  a  helix. 


conductor  of  Kg.  129,  I  might  be  considered  a  helix  (Art.  213) 
of  1  turn. 

213.  A  Helix  is  any  coil  of  wire  having  circular  tu^rns  and  carry- 
ing a  current;  Figs.  130,  131  and  132  show  examples.  Some- 
times this  term  "helix"  is  appli«  only  to  a  spiral  having  a  length 
greater  than  its  diam|^i'  and  comprising  but  one  layer  of  wire, 


/fe//x  of  insuJaftef 

ffire 


I-  End  Ylew 


H-Magnefic  Spectrum 


BE-  5ide  View 


Fio.  131. — -The  magnetic  spectrum  of  a  helix. 


but  in  this  book  the  word  '* helix"  will  mean  any  coil  as  above 
defined.  A  solenoid  is,  as  the  term  is  generally  understood,  a 
helix  that  has  very  considerable  length,  as  compared  with  its 
diameter,  and  a  large  number  of  turns,  usually  wound  close  to- 
gether. It  may  have  more  than  one  layer  of  wire.  A  toroid  is 
a  helix  bent  into  circular  form  as  in  Fig.  135,7. 

214.  Magnetic  Field  of  a  Helix.-«-If  several  loops  or  turns  of 
wire  are  so  wound  as  to  form  a  helix  (Fig.  133,7)  a  considerable 
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number  of  the  flux  lines  produced  by  each  of  the  tiutis  will 
encircle  the  entire  helix  instead  of  encircling  only  the  turn  that 
generates  them.  Now  if  the  turns  are  wound  as  close  together 
as  is  possible  (Fig.  133,7/),  a  great  many  more  of  the  lines  will 
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Fig.  132.- 


Itt"  5  Inches  Lon^- 1  Inch  Oiametep 
-Helices  carrying  current  (each  helix  has  16  turns). 


encircle  the  entire  helix;  they  will  pass  through  the  cylindrical 
space  inside  of  the  turns  and  return  in  the  space  outside  of  the 
turns.    Obviously,  the  field  at  N  or  at  S  is  stronger  (in  Fig. 
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IL-Turns   Clo&ed 
Fio.  133. — Illustrating  increase  in  flux  due  to  closing  together  the  turns  of  a 

solenoid. 

133)  at  II  than  at  7.  Fig.  129,77  shows  why  arranging  the  turns 
close  together  causes  many  of  the  lines  to  encircle  the  entire 
helix.  The  current  circulates  in  the  turns  shown  in  the  direc- 
tions indicated  by  the  arrows  and  produces  the  circular  lines  of 
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force  illustrated.  Consider  that  turns  3  and  5  are  pushed  close 
together.  Since  the  circular  lines  about  3  have  a  direction  such 
that  they  oppose  those  around  5,  they  will  tend  to  neutralize 
each  other  if  3  and  5  are  pushed  close  together.  It  is  evident, 
then,  that  there  is  a  tendency  toward  the  neutralization  of  the 
field  between  the  adjacent  turns  of  a  helix  that  are  close  together. 
Many  of  the  lines  of  force  must,  therefore,  flow  in  spaces  which 
are  not  between  adjacent  turns,  hence  a  considerable  number 
of  the  lines  generated  by  a  helix  encircle  the  entire  helix.  The 
total  magnetic  field  developed  by  the  current  in  a  helix  is,  obvi- 
ously, due  to  the  combined  action  of  all  of  the  lines  of  force 
generated  by  each  of  its  individual  turns. 

216.  Properties  of  a  Helix  or  Solenoid. — A  helix  or  a  solenoid 
(Art.  213)  through  which  current  electricity  is  passing  has  all 

of  the  properties  of  a  permanent 
Sckn^ftf^^    ^  ^^      faZfS'""^  magnet.    This  can  be  shown  with 
-  :  i^  .11  y  ^^*  ^*      the  floating  battery  apparatus  of 
\^..y^         Figs.  126  and  127.     A  north  pole 
is  developed  at  one  end  of  the 
helix  and  a  south  pole  at  the  other, 
in  accordance  with  the  hand  rule 
s/b/,  ^^  of  Art.  208. 

Fio.  134. — Hand  rule  for  determin- 
ing the  polarity  of  a  solenoid.  Examples. — The  zinc  and  copper  in 

the  test-tube  of  Fig.  127  constitute  a 
cell  (Art.  330)  that  forces  a  current  of  electricity  through  the  helix.  This 
helix  will  be  repelled  or  attracted  by  a  permanent  magnet  or  will  repel  and 
attract  a  permanent  magnet  just  as  if  it  were  one  itself.  It  behaves  exactly 
like  a  magnet.  If,  as  in  Fig.  126,/,  a  conductor  carrying  current  is  placed 
above  and  parallel  with  the  helix,  the  helix  will  immediately  swing  around 
and  assume  a  position  at  right  angles  to  the  conductor  as  shown  in  //.  When 
the  helix  and  conductor  are  in  the  position  of  /,  the  currents  in  them  are  at 
right  angles  to  one  another  and  their  lines  of  force  oppose  (see  hand  rules  of 
Arts.  208  and  216)  which  causes  the  helix  to  swing  around. 

Assume  now  that  a  helix  carrying  current  is  brought  near  the  floating 
helix  as  at  ///.  If  the  currents  in  both  helices  are  in  the  same  direction,  as 
shown,  they  will  attract.  If  the  current  in  one  is  in  the  opposite  direction 
to  that  in  the  other  they  will  repel — ^just  as  do  permanent  magnets  when 
their  unlike  poles  are  brought  together. 

126.  The  Hand  Rule  for  Determining  the  Polarity  of  a  Helix, 
Solenoid  or  Electromagnet  Is :  If  (Fig.  134)  the  solenoid  or  elec- 
tromagnet be  so  grasped  with  the  right  hand  that  the  fingers 
point  in  the  direction  of  electricity  flow,  the  thumb  will  point 
toward  the  north  (or  north-seeking)  pole  of  the  magnet. 
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217.  U  Iron  is  PUced  Wifhin  a  Helix,  as  in  Fig.  130,77,  the 
magnetic  properties  of  the  helix  are  then  very  much  more  pro- 
nounced. This  is  because  iron  is  the  best  conductor  of  magnet- 
ism or  lines  of  force  that  is  known;  it  is  a  better  conductor  than 
air  by  several  hundred  times.  The  presence  of  iron  in  a  mag- 
netic circuit  (Art.  219)  decreases  the  opposition  to  the  flow  of 
lines  of  force  and  the  number  of  lines  is  thereby  very  greatly  in- 
creased; see  "Permeability"  (Art.  241).  Where  there  is  no  iron 
core  within  a  helix,  some  of  the  lines  leak  out  of  its  sides  between 
the  turns  and  do  not  extend  through  it  from  end  to  end.  Not 
only  does  the  iron  decrease  this  magnetic  leakage  but  it  also 
increases  the  number  of  lines  in  the  magnetic  circuit  as  above 
noted  because  iron  is  a  better  "conductor"  of  magnetism  than 
is  air.  (Fig.  130,77  indicates  diagrammatically  the  increase  in 
lines  due  to  the  presence  of  iron;  it  does  not  show  the  increase 
quantitatively  because  with  an  iron  core  the  number  of  lines  is 
increased  several  hundred  times  above  the  nimiber,  Fig.  130,7, 
with  the  air  core.) 

218.  A  Helix  Surrounding  an  Iron  Core  Constitutes  an  Elec- 
tromagnet.— A  bar  of  hard  steel  can  be  permanently  magnetized 
by  being  placed  in  a  solenoid  carrying  current. 

218A.  The  Electron  Theory  of  Magnetism  may,  insofar  as 
underlying  principles  are  concerned,  be  explained  thus:  EHec- 
trons  in  motion  constitute  an  electric  ciurent,  Art.  101.  Also, 
any  electric  current  generates  a  magnetic  field,  Art.  204.  There- 
fore, the  electrons  revolving  about  the  nucleus  of  an  atom  (Art. 
13)  create  a  magnetic  field  through  or  in  the  atom — ^in  about  the 
same  way  as  an  electric  current,  circulating  around  through  the 
turns  of  a  coil  of  wire,  creates  a  magnetic  field  through  the  coil. 

Explanation. — Hence  each  atom — or  molecule — ^thus  is,  of  itself,  a 
minute  magnet  (note  that  this  is  supplementary  to  the  explanation  of 
Art.  68).  However,  in  substances  which  exhibit  no  external  evidence  of 
magnetization,  the  atoms  lie  "every  which  way,"  so  that  the  minute  mag- 
netic field  due  to  any  one  of  them  is  neutralized  by  the  field  of  some  other 
one,  which  is  in  such  a  position  that  their  fields  oppose  and  annul  one  another. 
In  magnetic  substances  (Art.  45),  such  as  iron  or  steel,  the  atoms  are  capable 
of  being  "lined-up,"  by  any  process  which  produces  magnetization,  so  that 
their  fields  will  all  be  in  the  same  direction  and  thus  act  in  unison.  With 
non-magnetic  substances,  such  "lining-up"  can  not  be  effected.  Mag- 
netizable (Art.  45)  metals,  such  as  steel,  are  those  in  which,  after  once  being 
lined  up,  the  atoms  will  remain  so.  In  non-magnetizable  substances, 
although  the  atoms  may  be  lined  up,  they  will  not  remain  so  unless  the  appli- 
cation of  the  magnetizing  agent  is  continued. 


SECTION  10 
THE  MAGNETIC  CIRCmT 

219.  The  Laws  of  the  Magnetic  Circuit  are  similar  to  (but  not 
the  same  as)  those  of  the  electric  circuit.  Thus,  it  will  become 
evident  as  the  reader  proceeds,  that  the  same  general  underlying 
principles  which  govern  phenomena  of  electric  circuits  also  govern 
those  of  magnetic  circuits.  (The  term  magnetic  circuit  was 
defined  in  Art.  67.)  The  reader  will  find  that  the  flux — lines  of 
force  ( — Arts.  70  and  226)  in  a  magnetic  circuit  is  analogous  to 
the  current  in  an  electric  circuit  and  that  the  magnetomotive 
force — the  force  to  which  the  flux  in  a  magnetic  circuit  is  due — ^is 
analogous  to  the  electromotive  force,  or  voltage,  of  an  electric 
circuit.  Furthermore,  he  will  learn  that  just  as  electric  circuits 
have  a  property  which  is  termed  resistance,  so  every  magnetic 
circuit  has  an  analogous  property  which  has  been  termed 
reltu^nce. 

Hence,  instead  of  having  to  become  familiar  with  a  new  and 
distinct  set  of  principles  and  ideas  in  order  to  understand  mag- 
netic-circuit phenomena,  the  reader  will  merely  have  to  apply  to 
a  new  group  of  quantities  and  units  the  same  old  general  princi- 
ples which  he  has  already  learned  in  connection  with  the  study  of 
the  electric  circuit.  Understand  that  the  phenomena,  units  and 
quantities  for  magnetic  circuits  are  not  the  same  as  those  for 
electric  circuits,  but  they  are  analogous  and  the  same  essential 
underlying  general  ideas  apply  for  both; 

Note. — Acknowledgment  ia  due  Prof.  V.  Karapetoff  for  proposing  a 
logical  and  rational  development  of  the  theory  of  the  magnetic  circuit  and  for 
placing  magnetic-circuit  theory  on  a  firm  rational  engineering  basis.  The 
treatment  given  in  this  book  is  based  on  that  outlined  by  Karapetoff  in  his 
most  excellent  mathematical  treatise,  "The  Magnetic  Ciecuit." 

Example. — Assume  that  suitable  instruments,  which  can  not  be  described 
here,  are  arranged  somewhat  as  shown  in  Fig.  135.  By  reading  the  instru- 
ments and  making  certain  calculations  one  can  readily  determine  the  flux 
generated  by  the  toroid  or  circular  helix  when  it  has  an  air  core  as  at  /,  and 
also  when  it  has  an  iron  core,  as  at  //.  The  same  current  is  assumed  to  flow 
in  the  helix  in  both  instances.  Also  the  toroid  of  /  is  of  the  same  diameter 
and  has  the  same  number  of  turns  as  that  of  //.    It  is  obvious,  then,  that 
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each  of  the  toroids  should  have  the  same  magnetizing  effect.  Now,  it  can 
be  shown  that  the  flux  developed  in  the  iron  core  of  //  is  very  much  greater 
than  that  in  the  air  core  of  /.  In  fact,  under  certain  conditions,  and  with 
the  same  current  flowing  in  I  and  //,  assuming  the  cross-sectional  area  of 
each  of  the  cores  to  be  1  sq.  in.,  a  flux  of  23  lines  will  be  established  within  the 
air  core  of  /,  but  when  an  iron  core  is  inserted  in  the  toroidy  as  at  //  and 
with  the  same  current  flowing,  the  flux  then  developed  within  the  toroid  will 
be  40,000  lines.    That  is,  by  the  insertion  of  the  iron  core,  the  flux  has  been 
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Fio.  135. — Arrangement  for  determining  permeability  of  iron. 

increased  1,739  times.  The  natural  inference  is  that  air  offers  a  much  greater 
opposition  to  the  development  of  magnetic  flux  in  it  than  does  iron.  This 
inference  will  be  verified  in  a  following  article.  That  is,  the  '^  magnetic 
resistance  "  of  iron,  its  relu<^ance,  is  much  less  than  that  of  air. 

220.  Magnetomotive  Force  (abbreviated  m.m.f .)  is  that  force, 
or  agent,  due  to  which  flux,  lines  of  force,  or  magnetism,  are  set 
up. in  a  magnetic  circuit.  In  an  electric  circuit  there  must  be  an 
e.m.f.  (Art.  182)  impressed  on  the 
circuit  before  electrons  (a  cur- 
rent) can  be  forced  to  flow  in  it. 
Similarly,  in  a  magnetic  circuit 
there  must  be  a  m.m.f .  before  there 
can  be  flux.  M.m.f.  is  the  cause^ 
flux  is  the  effect.  Thus,  it  is  evi- 
dent  that  m.m.f.   in  a  magnetic 

circuit  is  analogous  to  electric  pressure,  voltage,  or  e.m.f.,  in  an 
electric  circuit. 

NoTB.r-To  produce  an  effect  with  any  medium — ^water,  air,  electricity,  or 
•magnetism'— a  force,  push,  or  pressure,  is  always  necessary.  With  the 
electric  circuit  this  pressure  is  called  voltage  (Art.  117)  and  with  a  magnetic 
wcuit  it  is  called  magneibmdiive  force, 

^  221.  A  Turn  in  electromagnetic  parlance  implies  one  wrap  of 
a  condiictor  around  a  core,  which  may,  in  the  case  of  a  solenoid, 
be  an  air  core,  or,  in  the  case  of  an  electromagnet,  an  iron  core. 


Pio. 


136. — Showing  one  electro- 
magnetic turn. 
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Example. — Fig.  136  shows  1  turn  around  a  core  and  Fig.  137,/  and  //, 
shows,  respectively,  2  turns  and  5  turns  around  a  core. 

222.  The  Practical  and  Rational  Unit  of  M.M.F.  Is  the  Ampere- 
turn. — ^That  is,  the  ability  to  produce  a  flux  of  lines  of  force  in  an 
electromagnetic  circuit  is  determined  by  the  number  of  ampere- 
turns  magnetizing  that  circuit.  If  the  number  of  lines  of  force 
produced  by  a  given  helix  be  ascertained  mathematically  or  experi- 
mentally^ as  in  Fig.  136,  it  will  be  found  that  the  number  of  these 
lines  is,  in  the  last  analysis,  proportional  to  just  two  factors: 
(a)  the  current  J  in  amperes,  flowing  in  the  helix,  and  (6)  the  number 
of  turns  in  the  helix.  The  voltage  impressed  on  the  helix,  and  the 
size  of  wire  used  in — ^that  is,  the  resistance  of — the  helix  have 
nothing  to  do  with  the  situation,  except  indirectly.  The  flux 
developed  within  a  coil  Uke  that  of  Fig.  135,7,  will  not  change  if 
the  current  (ampere)  and  the  number  of  turns  in  the  "exciting" 
winding  so  vary  that  their  product  remains  the  same. 


•"Cen^tfuctor- 
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Fio.  137. — Illustrating  the  meaning  of  the  term  "turn." 


EbcAMPLB. — If  a  current  of  20  amp.  circulates  around  a  coil  of  5  turns,  the 
m.m.f.  of  that  coil  in  ampere-turns  is  20  X  5  =  100  ampMyrns.  Also,  if  1 
amp.  circulates  in  a  coil  of  100  turns,  the  m.m.f.  of  that  coil  is  1  X  100  »  100 
amp.-lums.  If  10  amp.  circulate  in  a  ooU  of  10  turns,  again,  the  m.m.f. 
developed  by  this  coil  is  10  X  10  »  100  amp.-tums.  If  50  amp.  circulate  in 
a  coil  of  2  turns,  the  m.mj,  of  the  coil  is  50  X  2  »  100  ampMums. 

Example. — In  Fig.  132,  each  of  the  three  helices  shown  has  16  turns  and 
a  current  of  5  amp.  is  flowing  through  each  helix.  Hence,  the  ampere-turns 
of  each  of  the  three  is:  5  amp.  X  16  turns  «  SOampAums, 

NoTB. — A  given  number  of  ampere-turns  will  produce  a  flux  comprising 
more  lines  of  force  in  a  short  magnetic  circuit,  or  in  one  of  large  cross-sec- 
tional area,  than  in  a  magnetic  circuit  which  is  long  or  of  small  cross-sectional 
area.  But,  for  a  given  magnetic  circuit,  the  greater  the  number  of  ampere- 
tiuns,  the  greater  will  be  the  flux  produced. 

Note. — Where  very  large  m.m.fs.  are  involved,  as  for  example,  in  the 
magnetic  circuits  of  electrical  machines,  it  is  customary  to  specify  these 
m.m.f8.  in  kiloampere-tums.  One  kiloampere-tum  is  equal  to  1,000  amp.- 
tums,  hence,  20,000  amp.-tums  «  20  kiloamp.-tums. 
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223.  Why  Magnetizing  Effect  Is  Proportional  to  the  Product  of 
Amperes  and  Turns  may  be  evident  from  a  consideration  of  Figs. 
138,  139  and  140.  Consider  the  helix  of  square  wire  containing 
20  turns  woimd  aroimd  a  core  as  shown  in  Fig.  138.  The  m.m.f . 
of  this  heUx  is  20  amp.-tums.  The  turns  of  the  heUx  are  insulated 
from  one  another  and  from  the  core.  With  a  current  of  1  amp. 
flowing  in  this  helix,  it  is  obvious  that  it  will  produce  a  certain 


Fine  ktsukthtK . 

'Core    Bet¥ittnTums>-.      (700hrrs)\ 


Fig.  138. — 20  turns  and  1  amp. 


139. — 2  turns  and  10  amp. 


magnetizing  effect  in  the  core.  Now,  assume  that  the  helix  is 
divided  into  two  sections,  Si  and  Sj,  as  shown  in  Fig.  139.  Fur- 
thermore, assume  that  each  turn  is  cut  through  with  a  fine  saw. 
(The  width  of  the  cut  is  exaggerated  in  Fig.  5  so  as  to  bring  out 
the  details  clearly.)  Now,  assume  that  the  turns  are  connected  in 
parallel,  as  shown,  by  the  very  low  resistance  conductors,  AB, 
CD,  etc.  When  connected  in  this 
way,  each  of  the  two  sections.  Si 
and  Si,  really  constitutes  a  single 
turn  around  the  conductor.  Now, 
it  is  evident  that  if  a  current  of  10 
amp.  be  forced  through  each  of  the 
sections,  the  ampere-turns  of  the 
arrangement  will  be:  2  turns  X  10 
amp.  =  20  ampAums,  the  same 
m.m.f .  as  with  Fig.  138.  Further-  ^°-  ^^"^  *^°  ^""^  ^^  *°^p- 
more,  it  is  also  apparent  that  in  each  individual  ring  conductor 
around  the  bar,  a  current  of  1  amp.  will  flow,  so  that  the  magnetiz- 
ing effect  of  the  arrangement  of  Fig.  139  must  be  the  same  as 
that  of  Fig.  138. 

Also,  if  the  20  turns  are  all  connected  in  multiple,  as  shown  in 
Fig.  140,  and  each  one  opened  with  a  saw  cut,  the  arrangement 
is  equivalent  to  1  turn  around  the  conductor.    With  20  amp. 
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forced  through  this  1  composite  turn,  its  m.m.f.  would  be  20 
ampAums.  However,  just  1  amp.  would  flow  in  each  elemental 
turn,  and  the  magnetizing  effect  would,  obviously,  be  the  same 
as  that  with  coils  of  Figs.  138  and  139. 

224.  The  Formulas  for  the  Ampere-turn  follow  from  what  has 
preceded,  thus: 

(46) 
(47) 

(48) 

WhereinJIf  =  m.m.f .,  in  ampere-turns.  I  =  current,  in  amperes, 
flowing  in  the  winding  under  consideration.  N  =  number  of 
turns  in  the  winding  under  consideration. 

Example. — If  a  certain  solenoid  is  developing  a  m.m.f .  of  1,200  amp.-turns, 
and  there  are  60  turns  in  the  solenoid,  the  current  in  that  solenoid  would 
necessarily  be  from  equation  (47):  I  -  M  -i-  N  =  1,200  ■?-  60  i=  20  amp. 

EbLAMPLB. — ^Assume  that  it  is  necessary  to  produce  a  m.m.f.  of  2,600  amp.- 
turns,  and  that  only  a  series  circuit  which  always  carries  a  constant  current 
of  6.6  amp.  is  available.  How  many  turns  would  a  solenoid  of  this  circuit 
have  to  contain  in  order  to  develop  the  required  m.m.f.?  Solution.— Sub- 
stitute in  equation  (48):  iV  =  JIf  -^  /  «  2,600  -^  6.6  =  394  turns, 

225.  Flux  has  been  referred  to  in  the  preceding  Art.  70.  Flux 
is  the  total  "magnetism"  or  total  number  of  lines  of  force  in 
the  magnetic  circuit  passing  through  a  cross-section  taken  at 
right  angles  to  the  direction  of  the  lines  of  force.  Just  as  in  a 
series  electric  circuit  the  current  flowing  in  every  part  of  the 
circuit  is  the  same,  likewise  in  a  series  magnetic  circuit,  the  total 
flux  flowing  in  every  part  of  the  circuit  is  the  same,  at  any  part 
of  the  complete  circuit.  It  should  be  noted  (see  Art.  267, 
*'  Magnetic  Leakage  ") ,  however,  that  since  there  is  no  "  insulator" 
for  magnetism,  it^  is  impossible  to  confine  flux  in  a  definite  path 
in  the  same  way  that  an  electric  current  may  be  confined  in  a 
conductor.  For  this  reason,  it  may  be  difficult  in  many  cases 
to  ascertain  the  flux  at  a  certain  crossnsection  of  a  magnetic 
circuit  because  of  the  difficulty  of  accurately  defining  the  extent 
of  the  cross-section.  The  cross-section  may  include  both  mag- 
netic and  non-magnetic  materials. 

226.  A  Line  of  Force,  or  a  maxwell,  has  been  defined  in  a  gen- 
eral way  in  a  preceding  section  (Art.  6(3^).- -It  will  now  be  defined 
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quantitatively  because  the  line  of  force  is  a  unit  of  magnetic  flux, 
just  as  the  ampere  is  the  unit  of  electric  current.  The  definition 
which  will  be  given  is  based  on  the  observed  experimental  fact 
(which  will  be  discussed  in  detail  in  a  following  section,  Art. 
418)  that  when  a  conductor  is  moved  across  a  flux  so  as  to  cut 
through  the  lines  of  force,  an  e.m.f.  or  voltage  will  be  induced 
in  the  conductor.  A  magnetic  flux  of  one  hundred  million 
(100,000,000)  lines  of  force — or  a  hundred  million  maxwells — 
has  been  arbitrarily  defined  as  that  imiform  flux  which,  if  a  con- 
ductor is  moved  through  it,  so  as  to  cut  across  the  lines  at  a  uni- 
form speed  of  just  1  sec,  the  e.m.f.  induced  in  the  conductor  will 
remain  constant  during  the  second  and  be  equal  to  just  1  volt. 
Hence,  a  flux  of  1  line  is  that  flux  which  would  induce  an  e.m.f.  of 
Koo.ooo.ooo  ^oU  in  a  conductor  moved  through  the  flux  in  1  sec. 

Note. — The  following  definition  from  Karapetoff's  "The  Magnetic 
Circuit"  which  really  has  the  same  meaning  as  that  above  given,  is  worth 
noting :  '*  A  fiux  through  a  turn  of  voire  changes  at  a  uniform  rate  of  100,000,000 
lines  per  see,  when  the  e.mX  induced  in  the  turn  remains  constant  and  equal  to 
1  wtt." 

Note. — ^A  kiloline  is  equal  to  1,000  lines  of  force.  A  megaline  is  equal  to 
1,000,000  lines  of  force.  Examples  illustrating  quantitatively  how  e.m.fs. 
are  induced  in  conductors  which  cut  through  flux  are  given  in  a  following 
section  of  this  book  which  relates  to  the  induction  of  e.m.f.  by  cutting  flux. 

227.  Reluctance  (how  to  compute  reluctance  will  be  explained 
later)  is  the  name  that  has  been  given  tothatproperty  of  materials 
which  opposes  the  creation  of  magnetic  flux  in  them.  The 
symbol  for  reluctance  is  (R.  Reluctance,  then,  indicates  the 
"difficulty"  encountered  in  creating  magnetic  flux  in  a  material. 
With  electric  circuits,  the  property  of  substances  which  opposes 
or  limits  the  flow  of  current  in  them  is  called  resistance.  The 
analogous  property  of  substances  in  magnetic  circuits  is  re- 
luctance. In  electric  circuits  nearly  all  substances  have  dif- 
ferent resistance  properties,  some  oflfering  little,  and  others 
great  opposition  to  the  establishment  of  electric  currents.  In 
magnetic  circuits,  nearly  all  substances  except  the  magnetic 
metals  (Art.  45)  have  practically  the  same  reluctances.  Iron 
has  a  relatively  low  reluctance,  while  air  and  all  other  non- 
magnetic materials  have  the  same  and  a  relatively  high  reluc- 
tance. Numerically,  reluctance  is  the  reciprocal  of  permeance 
(Art.  63),.  that  is  (see  Art.  238) :  (R  =  1  -^  (P. 

228.  The  Practical  Unit  of  Reluctance  is  the  Rel. — A  magnetic 
circuit  has  a  reluctance  of  1  rel  when  a  m.m.f.  of  1  amp.-tum 
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generates  in  it  a  flux  of  1  line.  The  rel  is  analogous  to  the  ohm. 
Just  as  the  ohm  is  the  resistance  of  a  colunm  of  mercury  41.85 
in.  long  and  0.00049  in.  in  diameter  (Art.  126),  the  rel  is  the  re- 
luctance of  a  prism  of  air^  or  any  other  non-magnetic  material. 
Fig.  141,  1  in.  square  and  3.19  in.  long.  The  reluctances  of 
different  materials  may  be  determined  by  tests  similar  in  general 
to  the  methods  used  in  determining  the  resistances  of  substances. 

Examples. — ^The  reluctance  from  il  to  B,  Fig.  141,  of  a  prism  of  air,  wood, 
glass,  or  other  non-magnetic  material,  1  in.  square  and  3.19  in.  long,  is  1  reL 
A  bar  of  mild  steel  or  wrought  iron,  1  in.  square  and  460  ft.  long  has,  under 
the  most  favorable  conditions,  a  reluctance  of  1  rel.  A  bar  of  cast  iron  1  in. 
square  and  50.7  ft.  long  has,  under  the  most  favorable  conditions,  a  reluc- 
tance of  about  1  rel. 

229.  Reluctance  Is  Not  Always  Constant  in  magnetic  materials, 

but  it  is  in  all  non-magnetic  materials.    In  magnetic  materials 

the  reluctance  varies  with  the  flux  density  (Art.  246).    Variation 

of  resistance  with  temperature  is  a  somewhat  analogous  condition. 

/v*«^M«.u-«ffcMrf^/  '^^®  greater  the  flux  density  in  a 

^A^^^^^^^j*  magnetic    matenal    the    greater 

~f    (within  certain  limits)  will  be  the 
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r   reluctance  of  the  materials 
..  .JJ       230.  The  Distinction  Between 
/},''      the  Electric  Circuit  and  the  Mag- 


^ -i'*-- ^^  netic  Circuit  Should  Not  Be  Dis- 

Fio.  141.— A  graphic  deEnition  of  regarded. — This  article  is  here  in- 
serted to  caution  the  reader  that 
while  analogous  and  computed  by  the  same  general  processes,  the 
magnetic  and  electric  phenomena  are  entirely  distinct  and  sepa- 
rate conditions.  Hence,  it  must  not  be  inferred  from  the  preced- 
ing that  an  electric  current  is  the  same  thing  as  a  flux  of  lines 
of  force.  In  fact,  they  are  entirely  different  things,  except  that 
the  flow  of  an  electric  current  is  governed  by  laws  similar  to  those 
which  govern  the  development  of  magnetic  flux.  It  is  true  that 
electric  currents  and  magnetic  fluxes  are  closely  related.  Elec- 
tricity moving  in  the  conductor  of  an  electric  circuit,  can,  as  has 
been  shown,  produce  a  magnetic  flux.  Conversely,  if  the  flux  of 
a  magnetic  circuit  cuts  a  conductor  of  a  closed  circuit,  a  current 
of  electricity  will  be  produced  in  that  electric  circuit  (Art.  226). 

231.  The  ''Ohm's  Law"  of  the  Magnetic  Circuit  is  the  term 
which  is  sometimes  applied  to  the  fundamental  law  of  the  mag- 
netic circuit,  which  wiU  now  be  recited.    The  same  underlying 
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natural  principles  which  govern  the  phenomena  in  electric  cir- 
cuits also  govern  the  phenomena  in  magnetic  circuits,  and  for 
that  matter,  in  all  circuits  (note  under  Art.  134)  whatsoever. 
For  all  circuits — electric,  magnetic,  hydraulic,  pneumatic,  heat, 
and  what  not — ^the  same  general  law  holds.  That  is,  it  is  always 
true  that  (he  resuU  produced  is  directly  propcrtional  to  the  effort  and 
inversely  proportional  to  the  opposition.  It  has  already  been  shown 
(Art.  134)  that  for  an  electric  circuit  the  so-called  Ohm's  law 
applies.    That  is: 

,^^.                                ^       electromotive  force  ,         . 

(49)  eurreni re«8tonce  ("""P-^ 

It  can  be  demonstrated  experimentally  and,  in  fact,  it  follows 
from  the  nature  of  things,  that  for  a  magnetic  circuit  a  similar 
law  holds;  that  is: 
,^^.  -  magnetomotive  force  ,,.      . 

The  similarity  between  the  electric-circuit  equation  (49)  and  the 
magnetic-circuit  equation  (50)  is  obvious.  The  essential  con- 
cepts of  the  magnetic  circuit  can,  as  will  be  shown,  readily  be 
developed  in  much  the  same  way  as  the  electric  circuit  ideas 
were  developed  from  the  simple  fundamental  law  stated  in  the 
note  under  Art.  134.  Using  symbols  instead  of  words,  the  for- 
mula (50)  becomes: 

(51)  *  =  f  Oines) 

(52)  -M"  =  (R  X  <^  (amp.-tums) 

(53)  ^  "  7  ^""^^^ 

Wherein  0  =  the  flux  in  the  magnetic  circuit,  or  any  portion  of 
the  magnetic  circuit,  under  consideration,  in  lines  (lines  of  force) 
or  maxwells.  M  =  m.m.f.,  in  ampere-turns,  to  which  <f>  is  due. 
(R  =  reluctance,  in  rels,  of  the  magnetic  circuit  or  the  portion  of 
the  magnetic  circuit  under  consideration. 

Example. — ^If,  Fig.  142,/,  the  m.m.f.  in  a  certain  magnetic  circuit  is  500 
amp.-tums  and  the  reluctance  of  the  circuit  is  0.02  rel,  what  flux  would 
be  developed  in  this  circuit?  Solution. — Substitute  in  equation  (61): 
0-Af4-(R  =  5OO4-O.O2  =  25,000  lines. 

Example. — ^If,  Fig.  142,//,  a  flux  of  1,000,000  lines  is  required  in  a  mag- 
netic circuit  which  has  a  reluctance  of  0.004  rel,  what  m.m.f.  would  be  neces- 
sary to  develop  this  flux?  Solution. — Substitute  in  equation  (62):  M  « 
<R  X  0  =  1,000,000  X  0.004  =  4,000  ampMuma. 
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Example. — In  a  certain  air-core  magnetic  circuit,  a  m.m.f .  of  45,000  amp.- 
turns  develops  a  flux  of  2,500  lines.  What  is  the  reluctance  of  this  circuit? 
Solution.— Substitute  in  equation  (53):  (R  «  If  -^  ^  =  45,000  ■*-  2,600  = 
ISrefo. 

232.  Reluctivity  (symbol  is  p,  pronounced  nu)  is  specific  re- 
luctance. This  property  is  similar  to  resistivity  (Art.  126A) 
which  is  specific  resistance.  Reluctivity  in  practical  work  is 
measured  in  rels  per  inch  cube. 

233.  The  Reluctivities  of  Different  Substances  must,  obviously^ 
vary  since  the  reluctances  of  different  substances  vary.  How- 
ever, the  reluctivity  of  all  non-magnetic  substances  is  the  same, 
namely  0.313  rel  per  in.  cube.  The  reluctivities  of  magnetic 
substances  vary  with  flux  density,  the  greater  the  flux  density 
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Fio.  142. — Magnetic  circuit  problems. 

the  greater  the  reluctivity  within  certain  limits.  The  reluctivity 
of  mild  steel  or  wrought  iron  is,  under  the  most  unfavorable  con- 
ditions, about  0.00018  rel  per  in.  cube.  The  reluctivity  for 
cast  iron,  under  the  most  unfavorable  conditions,  is  about 
0.00164  rel  per  in.  cube.  Just  how  reluctivity  varies  with  flux 
density  can  be  appreciated  from  a  consideration  of  the  permea- 
bility (permeability  is  the  reciprocal  of  reluctivity)  values  given 
in  Table  249  and  in  Fig.  143. 

234.  The  Computation  of  Reluctance,  Using  the  Quantity 
"Reluctivity**  involves  the  same  general  process  as  that  described 
in  Art.  143A,  wherein  it  was  shown  how  the  resistance  of  any 
conductor  may  be  figured  on  the  basis  of  the  resistivity  of  the 
material  of  that  conductor.  The  following  formulas  are  based 
on  these  truths:  The  reluciance  of  any  magnetic  path  is:  {A)  in- 
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creased  as  the  length  of  the  magnetic  path  is  increased,  (B)  increased 
as  the  cross-sectional  area  of  the  magnetic  path  is  decreased^  and 
(C)  increased  as  the  rductivUy  of  the 
material  comprising  the  path  increases. 
That  is,  "the  reluctance  is  directly 
proportional  to  the  average  length 
of  the  lines  of  force,  is  inversely  pro- 
portional to  the  crossHsectional  area  1 15,50^ 
of  the  path,  and  varies  with  the 
material  of  the  path." 

Example. — Consider  the  two  simple 
magnetic  circuits  of  Fig.  144,  the  rings  of 
both  of  which  have  the  same  cross-sectional 
area  and  are  composed  of  the  same  kind  of 
iron.  The  m.m.f.  in  each  case  is  100  amp.- 
tums.  Now,  if  this  lOO-amp.-tum  m.m.f. 
produced  a  total  flux  of  5,300  lines  m  the  ,  J^°-  143.— Grapha  showing  re- 
f  ^  r      !_•  1-  •  X-      •       -x    #  lation    of    permeabihty    to    flux 

iron  nng  of  /,  which  is  a  magnetic  circuit  of  density  in  certain  irons  and  steels. 
a  mean  length  of  12  in.,  the  flux  in  the 

ring  of  J//,  which  is  twice  as  long  (24  in.)  would  be  only  about  one-half  of 
5,300  lines,  or  2,650  lines.  It  would  be  exactly  one-half  of  5,300  lines  were 
there  not  certain  corrections  (Art.  267,  "Leakage")  which  must  be  made, 
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144. — Examples  of  magnetic  circuits. 


and  were  it  not  for  the  fact  that  (Art.  242)  reluctivity  may  vary  with  the 
flux  density.  It  is  apparent  that  if  the  length  of  the  circuit — that  is,  the 
opposition  to  magnetization — is  doubled,  the  flux  would  be  one-half.  Simi- 
larly, if  an  iron  core  of  larger  area  were  substituted  for  that  of  /,  the 
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ampere-turns  being  maintained  the  same,  the  opposition  or  reluctance 
offered  by  the  core  would  be  correspondingly  decreased,  hence,  the  total  flux 
would  be  correspondingly  increased.  Furthermore,  if  the  m.mi.  of  either  / 
or  ///  were  doubled,  that  is,  increased  to  200  from  100,  the  flux  would  be 
doubled  in  each  case.  Ck)rrections  for  leakage  (Art.  267)  must  be  made  in 
order  to  ascertain  the  actual  flux  with  great  accuracy,  but  in  many  cases  such 
corrections  can  be  disregarded,  and  in  any  event,  they  do  not  materially 
affect  the  general  truth  of  the  above  statement. 

235.  The  Formulas  for  Figuring  Reluctance  of  a  Path  on  the 
Basis  of  Reluctivity^  Length  and  Area  of  the  Path  are  these  (ob- 
viously, they  follow  from  the  facts  outlined  in  the  preceding  Art. 
234  and  example) : 

(54)  ^  =  ^^  (^) 

(55)  V  =  — ^ —  (rds  per  in.  cube) 

(66)  I  =  ^^  (in.) 

(67)  ^  =  ^^  («^-  ^-^ 

Since  (Art.  241)  v  =  1  -^  Mi  substituting  this  in  (54),  the  re- 
sult is 

(68)  (R  =  ^^^  (rels) 

Wherein  61  =  reluctance,  in  rels,  of  the  magnetic  path  or  portion 
thereof  under  consideration,  v  =  reluctivity  of  the  material  of 
the  path  under  the  existing  conditions,  in  rels  per  inch  cube. 
I  =  length  of  the  magnetic  path  or  portion  thereof,  under  con- 
sideration, in  inches.  A  =  area  of  the  magnetic  path  under  con- 
sideration, in  square  inches,  m  -  permeability,  in  perms,  per  inch 
cube. 

Cross  SecthnefAna  •750.ht-, 
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Fio.  145. — Example  in  computing  reluctance. 

Example.— What  is  the  reluctance  (Fig.  145)  of  an  air  (or  any  other  non- 
magnetic material)  core  2  sq.  in.  in  cross-sectional  area  and  10  in.  long? 
Solution. — The  reluctivity  of  air  or  of  any  other  non-magnetic  material 
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(Art.  233)  is  alwasrs  0.313  rel  per  in.  cube.  Therefore,  substituting  in  equa- 
tion (64):  (R  -  (f  X  0  "*•  A  -  (0.313  X  10)  +  2  =  3.13  ■*-  2  -  1.67  reU. 
Example. — ^If  the  reluctivity  of  a  certain  specimen  of  iron  is  0.001  under 
given  conditions,  what  is  the  reluctance  of  a  piece  of  this  material,  Fig.  146, 
//,  1  in.  X  2  in.  in  cross-section  and  10  in.  long?  Solution. — ^The  cross- 
sectional  area  of  the  piece  is  1  in.  X  2  in.  »  2  sq.  in.  Substitute  these 
values  in  equation  (54):  (R  -  (r  X  0  +  A  »  (0.001  X  10)  -5-  2  =  0.01  + 
2  =  0.006  rel. 

236.  The  Joint  Reluctance  of  a  Number  of  Magnetic  Paths  in 
Parallel  may  be  calculated  by  a  method  identical  to  that  of  Art. 
198  for  figuring  the  joint  resistance  of  a  number  of  conductors  in 
parallel.  The  joint  reluctance  of  a  number  of  such  parallel  paths 
is  equal  to  the  reciprocal  of  the  sum  of  the  reciprocals  of  the  re- 
luctances of  the  separate  paths.  That  is,  the  joint  reluctance  is 
equal  to  the  reciprocal  of  the  sum  of  permeances  (Art.  238)  of 
the  separate  paths. 

237.  The  Joint  Reluctance  of  a  Number  of  Magnetic  Paths  in 
Series  is  equal  to  the  sum  of  the  reluctances  of  the  individual 
paths.  Reluctances  in  series  are  thus  added  to  obtain  the  total 
reluctance,  just  as  resistances  of  a  number  of  conductors  in  series 
are  added  to  obtain  the  joint  resistance  of  the  series  combination, 
as  described  in  Art.  190. 

238.  Permeance  (symbol  is  (P)  is  that  property  of  materials 
which  is  the  "opposite"  of  reluctance.  Reluctance  impUes  the 
difficulty  encountered  in  developing  magnetic  flux,  whereas,  per- 
meance impUes  the  ease  or  readiness  with  which  the  flux  may  be 
developed.  Permeance  in  magnetic  circuits  is  analogous  to  con- 
ductance in  an  electric  circuit.  Permeance  is  numerically  equal 
to  the  reciprocal  of  reluctance.  That  is:  (P  =  1  -^  (R.  In  other 
words,  permeance  might  be  called  the  ''magnetic  conductance" 
of  a  material.  The  perm — which  is  analogous  to  the  mho — ^has 
been  suggested  as  the  unit  of  permeance.  Conductance  values 
are  useful  in  electric  circuit  computations  when  it  is  desired  to 
determine  the  joint  resistance  of  a  number  of  conductors  in  par- 
allel. In  the  same  way,  permeance  values  are  convenient  when 
it  is  desired  to  determine  the  joint  permeance  (or  joint  reluctance, 
which  is  the  reciprocal  of  the  joint  permeance)  of  a  number  of 
magnetic  paths  which  are  in  parallel. 

239.  Iron  and  Steel  Are  Materials  of  High  Permeance. — It  is 
exceedingly  fortunate  that  it  has  so  happened  that  one  of  the 
commonest  of  metals,  iron,  is  the  one  with  the  greatest  perme- 
ance.   If  it  were  not  for  the  fact  that  this  relatively  cheap  metal 

u 
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were  also  very  permeable,  it  is  probable  that  the  present  electrical 
development  would  be  impossible.  If  it  had  so  happened  that 
some  expensive  metal — gold,  for  instance — were  required  to  pro- 
vide paths  of  high  permeance  for  magnetic  circuits  of  our  elec- 
trical machinery  and  devices,  instead  of  iron  which  is  now  used, 
electrical  machinery  would  be  very  costly.  Hence,  extensive 
electrical  development  would,  because  of  the  economics  of  the 
situation,  be  impossible. 

240.  The  Magnetic  Circuit  Equations  Involving  Permeance 
Instead  of  Reluctance  follow  from  those  given  in  Art.  231.  The 
derivation  of  the  three  following  formulas  will  be  apparent  if  one 
remembers,  Art.  238  above,  that  permeance  is  the  reciprocal  of 
reluctance,  that  is,  that  (P  =  1  -^  (R. 

(58a)  <>  =  (P  X  M  (lines) 

M 

(59)  ^  =  -3-  (perms) 

<p 

(60)  ^  ""^  (amp.-turns) 

Wherein  the  symbols  have  the  same  meanings  given  hereinbefore 
except  that  (P  =  permeance,  in  perms,  per  inch  cube. 

241.  Permeability  (s3rmbol  is  m*  pronounced  mu)  is  specific 
permeance.  Absolute  permeability  is  conveniently  measured  in 
perms  per  inch  cube,  (Do  not  confuse  absolute  permeability 
with  relative  permeability  which  is  treated  below.)  Permeability 
is  analogous  to  conductivity.  In  other  words,  absolute  per- 
meability is  the  permeance  of  a  1-in.  cube.  From  what  precedes, 
it  follows  that  numerically,  permeability  is  the  reciprocal  of  re- 
luctivity, that  is:  /*  =  1  -^  J'  or  F'  =  1  -s-  /*• 

242.  The  Absolute  Permeability  of  Different  Substances  varies 
in  the  case  of  magnetic  materials  with  the  flux  density  or  satiu^a- 
tion  as  is  obvious  from  a  consideration  of  the  fact  that  reluctivity 
of  magnetic  substances  varies  with  the  flux  density.  See  Fig.  143. 
The  absolute  permeability  of  air  and  of  all  other  non-magnetic 
materials  is  3.19  perms  per  in.  cube,  Fig.  146.  Table  249  shows 
how  the  absolute  and  relative  permeabilities  of  magnetic  mate- 
rials vary  with  flux  density. 

243.  The  Distinction  Between  Absolute  Permeability  and  Rela* 
tive  Permeability  should  be  noted.  In  many  text-books  on 
electromagnetism  the  permeability  of  air  is  given  as  1.    This 
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value  of  1  is,  however,  the  reUUive  permeability  and  not  the  ab- 
solrde  permeability.  Absolute  permeability,  like  conductivity, 
depends  upon  the  unit  selected  and  with  the  ainpere'4urn,  the 
flux  line  and  the  indies  taken  as  units,  the  absolute  permeability 
of  air  comes  out  as  equal  to  3.19  perms  per  in.  cube.  However, 
it  is  also  perfectly  legitimate  to  express  the  permeability  of  iron 
in  terms  of  that  of  air,  in  which  case  the  relative  permeability  of 
air  becomes  unity,  or  1.  An  analogous  situation  is  this:  The 
conductivity  of  aluminum  may  be  expressed  either  in  ohms  per 
inch  cube  or  the  relative  conductivity  may  be  referred  to  that  of 
copper,  which  is  then  taken  as  unity.  An  absolute  permeability 
value  is  always  larger  than  the  corresponding  relative  permea- 
bility value.  Thus,  where  an 
absolute  permeability  value  in 
perms  per  inch  cube  is  given,  this 
value  will  be  3.19  times  greater 
than  the  corresponding  relative 
(as  compared  with  air)  permea- 
biUty  value. 
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Note. — ^To  reduce  an  absolute  per- 
meability value,  expressed  in  perms  per 
inch  cube,  to  a  relative  (as  compared 
with  air)  permeability  value,  divide  the 
relative  permeability  value  by  3.19  or  pj^ 
multiply  it  by  0.313.  To  reduce  relative 
permeability  to  absolute  permeability 
in  perms  per  inch  cube,  divide  by  0.313,  or  multiply  by  3.19. 

244L  To  Compute  Permeance  by  Utilizing  Permeability  Valnes, 

the  following  formulas  may  be  used: 


146. — Illustrating  permeability 
of  non-magnetic  materials. 


(61) 
(62) 
(63) 
(64) 


(P  = 
A  = 


I 

tX(P 
A 

y.  X.A 
<P 

JX  (P 


(perms) 

(perms  per  in.  cube) 

(in.) 

(sq.  in.) 


Wherein  all  of  the  symbols  have  the  same  meanings  as  given 
before. 
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246.  Gradient  or  Magnetic  Intensity  (symbol  ZT)  is  a  quantity 
analogous  to  voltage  gradient  or  electric  intensity  in  an  electric 
circuit,  which  is  described  in  Art.  167a,  which  should  be  reviewed. 
In  a  magnetic  circuit,  the  m.m.f.  is  "consumed"  gradually  along 
each  inch  length  of  the  circuit  in  a  way  similar  to  that  in  which 
the  voltage  impressed  on  an  electric  circuit  may  be  considered 
as  being  consumed  in  each  unit  length  of  the  circuit  conductor. 
The  m.m.f.  gradient  is,  then,  a  quantity  indicating  the  m.m.f. 
expended  per  unit  length  of  the  magnetic  path.  The  real  sig- 
nificance of  m.m.f.  gradient  is  explained  in  Art.  261.  Thus 
(compare  the  following  equations  with  those  for  the  electric 
circuit,  given  in  Art.  1576) : 

M 


(65) 

^-   I 

(amp.-turns  per  in.  length) 

(66) 
(67) 

M  =  HXl 
'       H 

(amp.-turns) 
(in.) 

Example. — If  a  magnetic  circuit  is  40  in.  long  and  is  excited  by  a  m.m.f. 
of  2,000  amp.-turns,  the  average  m.m.f.  gradient  in  this  circuit  would  be 
equation  (65):  fT  »  Af  4- 1  »  2,000  4-  40  »  50  ompAurM  per  in,  length,  , 

246.  Flux  Density  (symbol  B)  has  already  been  briefly  con- 
sidered in  Art.  73  where  it  was  shown  that  with  a  uniform  dis- 
tribution of  flux  through  the  magnetic  path: 

(68)  ^  ~  J  (lines  per  sq.  in.) 

(69)  <f>^  BXA  (Unes) 

(70)  A  =  I  (sq.  in.) 

Wherein  all  of  the  symbols  have  the  same  meanings  as  before 
given,  except  that  B  =  flux  density,  in  lines,  per  square  inch. 

247.  The  Magnetic  Saturation  of  Iron,  that  is,  its  ability  to 
carry  lines  of  force,  may  be  likened  to  the  ability  of  a  sponge  to 
absorb  water.  When  there  is  very  Uttle  water  in  the  sponge  it 
will  readily  soak  up  more  but  when  the  sponge  is  almost  saturated, 
it  will  absorb  additional  water  only  with  difficulty.  Likewise, 
with  iron,  Fig.  147,  when  the  flux  density  is  low,  the  slight  in- 
crease in  m.m.f.  gradient  (or  m.m.f.)  will  cause  a  material  increase 
in  the  flux  density  or  in  the  number  of  lines  of  force  per  square 
inch.  However,  when  the  flux  density  is  high,  it  requires  a  great 
increase  in  m.m.f.  to  produce  a  material  increase  in  flux  density. 
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248.  The  Flux  Deasity  Beyond  Which  It  Is  Impracticable  to 
Magnetize  a  Magnetic  Material  Is  Called  the  Magnetic  Satura- 
tion Point  of  that  material.  It  is  possible  to  magnetize  magnetic 
materiab  beyond  their  saturation  points,  but  the  m.m.f .  required 
to  effect  such  magnetization  is  then  out  of  all  proportion  to  the 
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Fig.  147. — Magnetisation  graphs  of  various  irons  and  steels. 


magnetization  obtained.  The  approximate  location  of  the  satu- 
ration points  on  the  graphs  of  Fig.  147  are  indicated  by  the 
letters  A, 

Examples. — Referring  to  the  values  for  mild  steel  forgings  of  Table  249, 
which  values  are  those  from  which  the  graphs  of  Fig.  147  were  plotted,  a 
m.m.f.  gradient  of  7.20  —  5.64  »  1.56  am'pAums  'per  in.  length  is  required 
to  effect  a  net  increase  of  10,000  lines  per  sq.  in.  (from  30,000  to  40,000)  in 
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flux  density  because  a  flux  density  of  40,000  lines  per  sq.  in.  is  below  the 
saturation  point.  However,  a  m.m.f.  gradient  of  134.7  —  62.6  «  72.1 
ampAurns  -per  in,  length  is  required  to  increase  the  flux  density  from  90,000 
to  100,000  lines  per  sq.  in.  because  a  flux  density  of  100,000  lines  per  sq.  in. 
is  considerably  above  the  saturation  point.  It  requires  about  46  times  as 
great  a  magnetic  gradient  in  one  case  as  in  the  other. 

249.  Magnetic  Properties  of  Iron  and  SteeL 
(See  Figs.  143  and  147  for  graphs  illustrating  these  properties) 


Carbon  sheet  steel  (annealed) 

Cast  steel 

B 

Flux 
density 

(Unes 

per 
sq.  in.) 

H 

M.m.f. 
gradient 
magnetic 
intensity 

(amp.- 
tums  per 
in.  len«th) 

AbeSute 
permea- 
bility 
(perms 

per 
in.  cube) 

Relative 
permea- 
bility (as 
compared 
with  that 
of  air) 

B 

Flux 

density 

(lines 

per 
sq.  in.) 

H 
•M.m.f. 
gradient 
magnetic 
intensity 
(amp.- 
turns  per 
in.  length) 

Absolute 

permea- 

biUty 

(perms 

per 

in.  cube) 

Relative 
permea- 
bility (as 
compared 
with  that 
of  air) 

10,000 

5.01 

1.996.0 

625 

10,000 

5.64 

1.774.0 

556.0 

20.000 

7.20 

2.775.0 

870 

20,000 

8.77 

2.278.0 

714.0 

30,000 

8.77 

3,416.0 

1,071 

30.000 

10.90 

2.791.0 

875.0 

40.000 

10.30 

3.866.0 

1.212 

40.000 

13.40 

2,967.0 

930.0 

60,000 

13.20 

3.796.0 

1.190 

50,000 

16.90 

2.954.0 

926.0 

60.000 

16.60 

3,611.0 

1,132 

60,000 

22.50 

2.657.0 

833.0 

65,000 

19.00 

3.420.0 

65.000 

26.00 

2,500.0 

797.0 

70,000 

21.30 

3,283.0 

1.029 

70.000 

31.00 

2.255.0 

707.0 

80.000 

29.40 

2.715.0 

851 

80.000 

45.70 

1.745.0 

547.0 

90,000 

43.20 

2,080.0 

652 

90,000 

70.50 

1.276.0 

400.0 

100.000 

67.00 

1.490.0 

467 

100,000 

117.40 

851.7 

267.0 

110.000 

117.00 

937.9 

294 

110,000 

228.60 

481.7 

151.0 

120.000 

227.00 

526.4 

165 

115.000 

317.90 

360.5 

113.0 

125.000 

365.00 

370.0 

116 

Mild 

steel  forgini 

ES  (wrough 

t  iron) 

Casi 

t  iron 

10,000 

3.76 

2,567.0 

833 

10,000 

20.00 

497.6 

166.0 

20,000 

4.70 

4,252.0 

1.333 

20,000 

32.90 

609.3 

191.0 

30,000 

5.64 

5,091.0 

1.596 

30.000 

51.40 

583.4 

183.0 

40,000 

7.20 

5.547.0 

1,739 

40.000 

82.10 

488.1 

153.0 

50.000 

9.40 

5,318.0 

1.667 

50,000 

134.00 

370.0 

116.0 

60.000 

13.90 

4,351.0 

1.364 

60.000 

224.00 

266.7 

83.6 

66.000 

16.00 

4.070.0 

1.275 

65,000 

322.00 

201.3 

63.1 

70,000 

20.40 

3.436.0 

1,077 

80.000 

32.60 

2,453.0 

769 

90.000 

62.60 

1.436.0 

450 

100.000 

134.70 

743.2 

233 

105.000 

197.20 

532.7 

167 

110.000 

324.20 

338.1 

106 
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260.  Ezplanatioii  of  the  Application  of  the  Above  Table  of 
Magnetic  Properties  of  Iron  and  SteeL — ^The  columns  headed 
"iT"  show  the  number  of  ampere-^ums  required  for  each  1  tn. 
length  of  magnetic  circuit  to  produce  through  each  square  inch  of 
sectional  area  of  the  magnetic  circuit  the  corresponding  flux 
density,  B. 

Example. — See  the  first  line  and  section  of  the  table.  5.01  amp.-tums 
will  produce  through  each  square  inch  sectional  area  of  a  carbon-sheet-steel 
magnetic  circuit  1  in.  long,  10,000  lines. 

261.  M^mi.  Gradients  Required  to  Produce  Different  Flux 
Densities  in  Air. — The  values  under  B  were  computed  by  sub- 
stituting different  values  for  flux  density  in  formula  (78)  H  —  B 
4-  /4.  That  is,  for  air,  H  =  5-5-3.19,  because  permeability  of 
air  is  always  3.19  perms  per  in.  cube.  Thus  with  B  taken  as 
equal  to  10,000:  H  =  10,000  -^  3.19  =  3,135. 


B 

Flux  denaity 

(lines  per  eq.  in.) 

H                1 
M.m.f.  fl^adient 
(amp.-turns  per  in. 
length) 

B 

Flux  density 

Ginee  per  eq.  in.) 

H 
M.m.f.  gradient 
(amp.-turns  per  in. 
length) 

5,000 

1,567 

60,000 

18,810 

10,000 

3,135 

65,000 

20,377 

15,000 

4,702 

70,000 

21,944 

20,000 

6,270 

75,000 

23,512 

25,000 

7,837 

80,000 

25,080 

30,000 

9,404 

85,000 

26,647 

35,000 

10,972 

90,000 

28,214 

40,000 

12,540 

95,000 

29,782 

45,000 

14,107 

100,000 

31,350 

60,000 

15,675 

105,000 

32,917 

55,000 

17,242 

110,000 

34,485 

262.  Permeability  of  Iron  Is  Not  Constant,  but  varies  with  the 
flux  density  and  with  the  different  kinds  of  iron.  A  consideration 
of  the  permeabiUty  values  in  Table  249  and  of  the  graphs  of  Fig. 
143  will  verify  this  assertion.  When  the  number  of  Unes  of  force 
per  square  inch  is  small,  that  is,  when  the  flux  density  is  quite 
low,  the  permeability  of  the  iron  is  low.  However,  this  permea- 
biUty increases  as  the  flux  density  increases,  up  to  a  certain  satu- 
ration (Art.  247)  or  degree  of  flux  density.  At  this  flux  density, 
the  permeability  of  iron  is  greatest.  With  higher  flux  densities 
the  permeability  decreases. 
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Example. — Consider  the  values  of  permeability  in  Table  249  for  mild 
steel  forgings.  The  absolute  permeability  at  the  low  flux  density  of  10,000 
lines  per  sq.  in.  is  2,657  perms  per  in.  cube.  At  the  flux  density  of  about 
40,000  lines,  the  permeability  is  then  5,547  perms  per  in.  cube,  which  is 
about  the  maximum  permeability  obtainable  with  this  sample  of  mild  steel. 
Now,  as  the  flux  densities  increase  still  further,  the  permeability  decreases 
until  at  a  flux  density  of  110,000  lines  the  permeability  is  then  338.1  perms 
per  inch  cube. 

253.  A  Table  Showing  Magnetic  Qualities  of  Iron  and  Steel 

(Table  249  and  Figs.  143  and  147)  indicates  values  for  the  grades 
of  these  materials  that  are  ordinarily  obtainable  around  the 
average  shop.  Different  grades  of  a  certain  material,  mild  steel, 
for  example,  will  have  different  magnetic  quaUties.  Irons  may 
be  obtained  that  show  materially  better  values  than  those  of 
Table  249.  On  the  other  hand,  some  irons  show  values  that  are 
much  worse.  Irons  that  have  exceedingly  good  magnetic  quali- 
ties may  be  so  expensive  that  their  commercial  applicatioji  is  not 
feasible. 

264.  The  Working  Formulas  for  the  Magnetic  Circuit,  the 
derivation  of  which  is  given  below,  are  these: 

(71)  I  XN  ^  ^^  (amp.-turns) 

(74)  «  =  .XAXIXN  ^^^^ 

(75)  I  =  ^X-^><^X^  (in.) 

<P 

s  yc  I 

(76)  /x  =  T^7->r  TT-T  (perms  per  in.  cube) 


Wherein  /  =  exciting  current,  in  amperes.  N  =  number  of 
turns  in  exciting  winding.  ^  =  the  total  flux  threading  the  mag- 
netic circuit,  in  lines.  {  =  the  length  of  the  magnetic  circuit,  in 
inches.  *  =  the  permeability  of  the  material  of  the  circuit,  in 
perms  per  inch  cube.    A  =  the  cross-sectional  area  at  right  an- 
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gles  to  the  direction  of  the  flux  of  the  magnetic  circuit,  in  square 
inches. 

The  Derivation  of  thb  Above  Equation  la  This. — Ab  based  on  the 
fundamental  equation  (52)  3f  »  (R  X  ^.  Now  from  (46)  M  ^  I  X  N 
and  ako  from  (58)  (R  »2  4-  (jt  X  A).  Then  substituting  these  values  in 
the  equation  given  below: 


XA 


nXA 


266.  In  Computing  the  Flux  in  a  Magnetic  Circuit  formula  (51) 
may  be  used  as  outlined  in  the  examples  under  Art.  231.  How^ 
ever,  for  reasons  given  in  Art.  257  it  is  not  usually  feasible  to  com- 
pute magnetic  circuits  directly  from  the  formula  (51) :  ^  =  JIf -r 
(R.  The  modification,  (74)  above,  of  the  fundamental  formula 
can,  however,  be  readily  applied. 

/ntt  McMnthe 
'SAmfx 
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Magnetk  Cinwi 
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{Dkmter-i'r 
I -Flux  in  Air  Cora  l-Fkix  in  Iron  Core  fi-Fluxin  Iron  Core 

Fio.  148. — Examples  of  magnetic  cirouits. 

Example. — ^What  flux  will  be  produced  in  the  air-oore  toroid  Art.  (210) 
of  Fig.  148,7  which  has  32  turns,  assuming  that  a  current  of  6  amp.  flows  in 
these  turns?  The  length  of  the  magnetic  circuit,  that  is  the  mean  circum- 
ference of  the  toroid,  is  16  in.  The  area  of  the  air  core  is  2  sq.  in.  Solu- 
tion.— The  permeability  of  air  is  always  (Art.  242)  3.19  perms  per  in.  cube. 
Hence,  substituting  in  formula  (74):  ^-0*XAX/Xi\r)+i  =  (3.19  X 
2  X  5  X  32)  -^  16  »  63.8  lines. 

Example. — What  flux  will  be  produced  in  the  core  of  the  toroid  of  Fig. 
148,7/  which  is  exactly  the  same  as  that  of  the  preceding  example,  except 
that  it  has  an  iron  core.  Assume  the  permeability  to  be  3190.0  perms  per 
inch  cube.  Solxttion. — Since  the  only  difference  in  the  two  examples  is 
that  the  permeability  is  3190.0  in  this  case  instead  of  3.19  in  the  preceding, 
the  flux  with  the  iron  core  would  be  1,000  times  as  great,  or:  1,000  X  63.8  = 
63,800  lines.  This  example  shows  how  the  flux  is  increased  by  using  iron 
instead  of  air  for  the  path  in  a  magnetic  circuit. 

Example. — What  flux  will  form  in  the  magnetic  circuit  of  Fig.  148,777? 
Turns  «  16.  Current  »  10  amp.  Area  -  2  sq.  in.  Mean  length  of 
magnetic  circuit  is  16  in.  Assimie  the  permeability  of  the  iron  to  be  3190.0 
perms  per  inch  cube.  Solution. — Substituting  in  equation  (24):  ^  = 
(mXAX/XJV)  -ir  I  ^  (3190.0  X  2  X  10  X  16)  -r  16  =  63,800  Unes. 
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This  (63,800  lines)  is  the  same  result  as  that  obtained  in  the  previous  ex- 
ample.- Inspection  would  have  predicted  this,  because  all  of  the  values 
except  "amperes  "  and  ''  turns  "  are  the  same  in  both  examples,  but  the  amp.- 
tums  are  the  same  for  both  problems  because  5  X  32  «  160  and  also  10  X 
16  =  160.  Actually,  however,  the  flux  would  be  uniform  in  the  ring  of  II 
because  the  winding  is  distributed.  With  ///  there  would  be  some  leakage, 
that  is,  while  63,800  lines  would  be  developed  at  B,  somewhat  less  than  this 
number,  because  of  leakage,  woidd  exist  in  the  lower  limb  of  the  circuit. 

256.  In  the  Practical  Design  of  Magnetic  Circuits  the  total 
flux,  4>,  is  usually  known  or  assumed.  The  problem  is  then  to 
lay  out  a  circuit  which  will  carry  this  flux  effectively  and  compute 
the  ampere-turns  necessary  for  its  development  in  the  magnetic 
circuit.  The  general  proportions  of  the  circuit  are  tentatively 
assumed,  the  dimensions  being  based  on  previous  experience  and 
trial  calculations.  An  examination  of  similar  magnetic  circuits 
already  in  successful  operation  will  be  of  assistance.  The  cross- 
sectional  area  of  the  magnetic  path  of  the  iron  in  the  circuit  must 
be  so  selected  that  the  iron  will  not  be  oversaturated  (Art.  247). 
There  is  no  direct  method  of  designing  a  magnetic  circuit.  The 
first  tentative  plan  is  developed  to  a  conclusion  and,  if  it  does 
not  work  out  as  desired,  it  must  then  be  altered  and  recalculated 
accordingly.  Because  permeabiUty  varies  with  the  saturation 
it  is  almost  impossible  to  effectively  design  magnetic  circuits 
without  consulting  data  similar  to  that  in  Table  249. 

267.  In  the  Practical  Calculation  of  Magnetic  Circuits  it  is, 
as  above  suggested,  often  necessary  to  determine  the  ampere- 
turns,  I  X  N,  that  would  drive  a  certain  flux,  ^,  through  the 
circuit.  In  solving  such  problems  formula  (71)  J  X  iV  =  (^  X 
I)  -r  {fiX  A)  might  be  used  in  the  form  just  given.  However, 
it  is  usually  more  convenient  to  compute  on  the  basis  of  the  flux 
density,  that  is,  on  the  basis  of  the  number  of  lines  per  square 
inch  cross-section  in  the  magnetic  circuit,  because  tabular  data 
like  that  in  Table  249  can  be  most  conveniently  compiled  on  this 
basis.  Furthermore,  it  is  often  inconvenient  to  make  the  compu- 
tation for  a  complete  magnetic  circuit  in  one  calculation.  It  is 
usually  more  practical  to  consider  the  component  parts  of  the 
circuit,  one  part  at  a  time,  that  is,  to  compute  the  ampere-turns 
necessary  to  develop  the  required  flux  in  each  part.  After  the 
ampere-turns  necessary  to  force  the  flux  through  each  of  the 
parts  has  been  figured,  these  component  ampere-turn  values  are 
totaled.    The  resulting  total  will  then  be  the  number  of  ampere- 
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turns  required  to  force  the  flux  through  the  entire  circuit.    The 
following  examples  illustrate  the  process. 

Example. — How  many  ampere-turns  will  be  required  to  develop  a  flux  of 
400,000  lines  in  the  magnetic  circuit  of  Fig.  149,/?  Solution. — Consider 
the  component  parts  of  the  circuit  one  at  a  time.     First  consider: 

The  wrought  iron  yoke  which  has  a  sectional  area  of  2  X  2  ■»  4  sf.  in. 
Therefore,  if  the  total  flux  is  to  be  400,000  lines,  the  flux  density  or  lines  per 
square  inch  will  be:  400,000  -s-  4  =  100,000  lirte^  per  sq,  in.  Now,  Table 
249  shows  that,  in  wrought  iron,  with  a  flux  density  of  100,000  lines  (100 
kilolines)  per  sq.  in.,  the  m.m.f.  gradient  is  134.7.  That  is,  there  would  be 
required  134.7  amp.-tums  per  in.  length  of  the  magnetic  circuit  to  produce  a 
flux  density  of  100,000  lines.  Hence,  the  amp.-tums  required  to  magnetize 
the  20 -in.  yoke  of  the  specified  flux  density  would  be:  20  X  134.7  «  2,694 
ampMuma. 

The  air  gaps  are  each  H  ui-  long  and,  it  will  be  assumed,  are  2K  in.  square. 
The  lines  of  force  spread  out  at  an  air  gap  and  will  there  occupy  a  cross-sec- 
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tional  area  greater  than  that  of  the  iron  yoke.  Hence,  the  area  of  the  mag- 
netic circuit  at  the  air  gap  is:  2.25  X  2.25  -  5+  aq.  in.  The  flux  density 
in  the  air  gap  is:  400,000  -^  5  =  80,000  lines  per  sq,  in.  From  Table  251, 
to  produce  a  flux  density  of  80,000,  the  ampere-turns  per  inch  length  would 
be  25,080.  For  the  J^-in.  air  gap  there  would  be  required:  25,080  -^  8  = 
3,134  ampAums.  Then  for  the  two  H-m.  air  gaps:  2  X  3,134  »  6,268 
ampAums  are  necessary. 

The  cast-^ron  armature  has  a  sectional  area  of  4  X  2  ^  S  sq.  in.  Hence, 
the  flux  density  in  it  is:  400,000  -^  8  =  50,000  lines  per  sq.  in.  From  Table 
249,  to  produce  a  flux  density  of  50,000  lines  in  cast  iron  requires  134  amp.- 
tums  per  in.  length  of  the  magnetic  circuit,  hence,  to  magnetize  this  20-in. 
long  yoke  there  will  be  required:  134  X  20  =  2,680  ampAums. 

Totaling  the  ampere-turns  required  for  the  different  components: 
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Wrought-iron  yoke 2,694  amp.-tums 

Two  air  gaps —    6,268  amp.-tums 

Castriron  armature 2,680  amp.-turns 


Total 11,642  amp.-turns 

Therefore,  11,642  amp.-tums  are  necessary  to  drive  a  flux  of  400,000  lines 
through  the  magnetic  circuit  of  Fig.  149,7. 

Example. — How  many  ampere-tums  will  be  required  to  develop  a  flux 
of  4  megalines  (4,000,000  lines)  in  the  magnetic  circuit  of  the  generator  of 
Fig.  149,77.  SoLunoN. — Only  the  general  principles  will  be  illustrated.  It 
is  not  practicable  to  here  consider  the  details  of  electrical  machine  design, 
which  is  a  very  complicated  subject.  Consider  the  machine  a  part  at  a 
time: 

The  wroughiriron  yoke  has  an  area  of  54  sq.  in.  Hence,  the  flux  density  in 
it  is:  4,000,000  -5-  54  =  74,000  lines  per  sq.  in.,  say  70,000  lines  per  sq.  in. 
To  produce  this  flux  density  in  wrought  iron  (Table  249)  20.4  amp.-tums  are 
necessary  for  each  inch  length  of  the  magnetic  circuit.  Hence,  for  the  22-in. 
magnetic  circuit  of  this  example:  20.4  X  22  =  449  amp. -<um«  are  necessary. 

Magnet  Cores. — ^Each  has  an  area  of  50.3  sq.  in.  Flux  density  =  4,000,000 
-i-  50.3  =  79,000,  say  80,000  lines  per  sq,  in,  Ampere-tums  per  inch  length 
for  this  density  in  wrought  iron  is  32.6.  Length  of  core  =  10  in.  Then, 
the  ampere-tums  required  for  each  core  must  be:  32.6  X  10  —  326.  Hence 
for  both  cores  there  would  be  required:  2  X  326  =  652  amp.-tums, 

Pole-pieces, — Cast  iron.  Area  =  144  sq.  in.  Flux  density  =  4,000,000 
-5-  144  =  27,800,  say  30,000  lines  per  sq.  in.  For  cast  iron  at  this  density 
51 .4  amp.-tums  per  in.  length  are  required.  Length  of  magnetic  path  »  9  in. 
Then,  ampere-tums  required  for  each  pole-piece:  9  X  51.4  =  462.6.  Then 
to  magnetize  both  pole-pieces  there  would  be  required:  2  X  462.6  =  925.2 
amp.-tums. 

Air  Gap, — Assume  the  magnetic  circuit  comprises  one-third  of  the  circum- 
ference at  each  side  of  the  armature.  Armature  has  a  diameter  of  11  in. 
Circumference  of  an  11-in.  circle  =  34.5  in.  Then:  J^  X  34.5  =  11.5  in. 
Hence  the  length  of  each  pole  face  is  12  in.  each  air  gap  has  an  area  of:  12  in. 
X  11.5  tn.  =  138  sq.  in.  To  compute  the  ampere-tums  required  to  excite 
this  air  gap  we  may  either  use  the  values  of  Table  249  or  Formula  (71). 
Thus:  I  XN  =  (<t>  XI)  ^  (ji  X  A)  -^  (4,000,000  X  1)  -5-  (3.19  X  138)  - 
9,091  amp.-tums.  For  the  air  gaps  there  would  be  required:  2  X  9,091  « 
18,182  amp.-tums. 

Armature  Iron, — Carbon  sheet  steel,  sometimes  called  annealed  sheet 
iron.  Area  =  6  X  12  =  72  sq,  in.  The  shaft  area  is  subtracted  because 
the  steel  in  the  shaft  \a  considered  ineffective.  Flux  density  is:  4,000,000  -?- 
72  =  55,000,  say  60,000  lines  per  sq.  in.  It  requires  for  sheet  steel  16.6 
amp.-tums  per  in.  length  of  magnetic  circuit  to  produce  a  density  of  60,000 
lines  per  sq.  in.  The  average  path  of  the  magnetic  circuit  through  this 
armature  is  9  in.  long.  Therefore,  there  are  required  for  magnetizing  the 
armature:  9  X  16.6  =  149.4  amp.-tums. 

Totaling  the  ampere-tums  required  for  the  different  parts: 
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Wrought-iron  yoke 449  amp.-turns 

Two  magnet  cores 652  amp.-turns 

Two  pole-pieces 025  amp.-turns 

Two  air  gaps 18,182  amp.-turns 

Armature  iron 149  amp.-tuins 


Total 20,367  amp.-turns 

Therefore,  if  there  were  no  leakage,  20,357  amp.-turns  would  be  necessary 
to  develop  a  flux  of  4,000,000  lines  in  the  magnetic  circuit  of  Fig.  149j//. 
In  practice  the  correction  for  leakage  should  be  made  as  suggested  in  Art. 
269.  The  winding  on  one  of  the  magnet  cores  should  furnish  one-half  of 
the  required  ampere-turns  and  the  one  on  the  other  core  should  furnish  the 
other  half.  The  design  of  a  magnet  winding  to  furnish  a  specified  number 
of  ampere-turns  is  treated  briefly  in  Art.  277. 

258.  The  Difficulties  Encountered  in  Calculating  Magnetic 
Circuits  should  be  considered.  Magnetic  circuits  can  not  be 
computed  with  the  same  exactness  as  can  electric  circuits  because 
of  two  conditions. 

First. — Magnetic  leakage  must  be  considered  (Art.  267).  It  is 
impossible  to  conj&ne  a  magnetic  flux  to  certain  paths  as  we  can 
confine  an  electric  current.  It  is  possible  to  compute,  with 
accurjwjy,  the  m.m.f.  that  a  given  helix  will  develop.  But  it  is 
not,  because  of  leakage,  possible  to  compute  exactly,  the  effective 
flux  that  this  force  will  push  through  a  magnetic  circuit. 

Second. — ^The  reluctance  (Art.  227)  of  iron  and  its  permeability 
(Art.  241)  varies  with  its  saturation.  The  variation  of  permear 
biUty  with  flux  density  or  saturation  is  discussed  in  Art.  248. 

269.  Permissible  Flux  Densities  in  Magnetic  Circuits  should 
not  be  exceeded.  As  a  general  proposition,  the  cross-sectional 
area  of  any  portion  of  a  magnetic  circuit  should  be  so  proportioned 
that  the  flux  density  in  it  will  be  such  that  the  iron  in  it  is  worked 
somewhat  below  its  saturation  point  (Art.  247).  For  average 
work  with  grades  of  iron  ordinarily  obtainable.  Table  249  and 
Fig.  147,  the  flux  density  should  not  exceed  about  110,000  per 
sq.  in.  for  annealed  sheet  iron;  90,000  per  sq.  in.  for  unannealed 
cast  steel  and  wrought-iron  forgings  and  50,000  lines  per  sq.  in. 
for  gray  cast  iron. 

260.  The  Relations  Between  Flux  Density,  B,  and  Magnetic 
Gradient,  jET,  and  Permeability,  m,  may  be  expressed  by  the 
foUowing  formulas,  the  derivation  of  which  is  given  below: 


(78) 

H  = 

f    '' 

(79) 

B  = 

mXH 

(80) 

M  = 

B 
H 

or  substituting  i 

f  which  equals  1 

[  -S-  7  fo 

(81) 

H  = 

BXy 

(82) 

B  = 

H 
p 

(83) 

V  = 

H 
B 
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(amp.-tums  per  in.  length) 

(lines  per  sq.  in.) 

(perms  per  in.  cube) 

7  for  /*  in  the  above  formulas : 
B  X  y  (amp.-tums  per  in.  length) 

(lines  per  sq.  in.) 

(rels  per  in.  cube) 

As  Karapetoflf  suggests  (in  his  The  Magnetic  Circuit)  formu- 
las (78)  and  (81)  stale  Ohm's  law  for  a  unit  m/ignetic  pathyfor  irir 
stance  a  path  1  in.  long  and  1  sq.  in.  in  cross-sectional  area.  His  the 
m.m.f.  between  the  opposite  faces  of  the  cube,  /a  is  the  permeance 
{permeance  and  permeability  are  of  the  same  value  for  a  l-in.  cube) 
of  (he  cube  and  B  is  the  flux  passing  through  the  cubeJ*  Note  that 
formulas  (78)  and  (81)  above  are  analogous  with  similar  formulas 
(23e)  and  (23d)  for  the  electric  circuit.  Refer  to  following  Art. 
261  for  further  information  relative  to  this  situation. 

The  Derivation  of  the  Above  Ek)UATioNs  is  this:  Again  we  start  with 
the  fundamental  equation  (62),  thus: 

(a)  Af  =  (R  X  ♦ 

Now  from  (68)  <S{  ^  1{A  X  m).     Also,  from  (69)  ^  =  A  X  B.     Then  sub- 
stituting these  values  for  (R  and  4>  in  the  above  equation  (a) : 

I           , ,        ^^       IXAXB      IXB 
(«  ^-AX^X(^X^)'-AX; V- 

Therefore,  dividing  both  terras  of  the  above  equation  by  I: 

.,  MB 

(">  T  -  M 

But,  from  (65),  M  -i-  I  '^  H,  then  substituting  this  new  value  for  Af  -i-  I'm 

the  above: 

CO  ^-? 

261.  The  Real  Significance  of  M.mi.  Gradient,  jET,  should  be 
thoroughly  understood.  In  all  the  text  preceding  (except  in  the 
article  just  ahead  of  this)  only  the  phenomena  relating  to  entire 
magnetic  circuits  or  considerable  portions  thereof  have  been 
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considered.  Now,  it  is  often  desirable,  particularly  for  the  pur- 
poses of  comparison  and  computation,  to  consider  imit  portions, 
that  is  1-in.  cubes,  of  uniform  magnetic  circuits  and  to  examine 
the  magnetic  performance  of  these  imit  cubes.  In  fact,  refer- 
ence tables  and  graphs  (like  those  of  249  and  Figs.  143  and  147) 
which  show  the  magnetic  properties  of  magnetic-circuit  materials 
are  always  so  compiled  that  they,  as  will  be  shown,  give  data 
applying  to  these  1-in.  cubes.  Obviously,  magnetic-properties 
data  and  tables  can  be  useful  for  general  work  only  if  compiled 
on  unit  basis. 
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FiQ.  150. — Explaining  a  unit  magnetic  circuit. 

In  the  example  which  follows  it  will  be  shown  that  m.m.f. 
gradienty  ff ,  in  any  uniform  magnetic  circuit  is  really  the  specific 
m.m.f,  for  that  circuit.  That  is,  ff  is  really  the  portion  of  the 
total  impressed  m.m.f.  which  produces  the  flux  in  a  unit  cube 
(1-in.  cube)  of  the  magnetic  circuit  material.  It  is  the  m.m.f. 
impressed  on  a  1-in.  cube  and  to  which  the  flux  in  that  unit  cube 
is  due. 

Example. — Consider  the  magnetic  circuit  of  Fig.  150,7.  Assume  that  it 
is  desired  to  produce  a  fiux,  ^,  of  200,000  lines  in  this  circuit.  It  will  be 
assumed  that  there  is  no  magnetic  leakage  and  that  the  permeability  of  the 
circuit  material  is  4,000  perms  per  in.  cube.  The  average  length  of  the 
circuit  is  20  in.  and  its  cross-sectional  area  is  4  sq.  in.  Then  to  develop  the 
flux  of  200,000  lines,  the  m.m.f.,  in  ampere-turns,  would,  from  (71),  be: 
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(«>  ^^^"7X1"     4,000X4     '  250amp..tun«. 

Hence,  in  this  circuit,  the  m.m.f.  gradient  would,  formula  (20),  be: 
(d)        H  =  y  =  — ^ —  =  -oQ-  "  12.5  amp,-iiwnM  per  in,  length. 

We  will  now  proceed  to  show  that  this  12.5  ampAumSf  or  H,  is  actually  the 
m.m.f .  impressed  on  each  unit  or  1-in.  cube  of  this  magnetic  circuit. 

If  the  magnetic  circuit  of  /  were  cut  through  at  the  plane  ABC  and 
''straightened  out/'  its  equivalent  would  then  be,  as  shown  at  Fig.  150,///,  a 
prism  20  in.  long  and  2  in.  square.  This  prism  can  be  considered  as  being 
composed  of  80  unit  cubes  as  shown.  Let  us  compute  the  m.m.f.  which 
would  be  required  to  produce  the  same  flux,  that  is  carried  in  /,  in  any  one  of 
these  unit  cubes.  Since  the  total  flux  in  /  is  200,000  lines,  and  the  cross- 
sectional  area  is  4  sq.  in.,  the  flux  through  any  one  cube  would  be:  200,000  -^ 
4  »  50,000  lines.  Now  compute  the  m.m.f.,  in  ampere-turns,  necessary  to 
develop  50,000  lines  through  one  of  the  cubes.  Each  cube  has  a  length  of  1 
in.  and  an  area  of  1  sq.  in.,  thus: 

(c)  /  X  JV  -  ^^^^  »  lioOCTxT  =  ^^-^  ampMums, 

Note  that  12.5  amp,'4itm8  per  in.  length  was  the  result  obtained  at  (6)  for  H 
and  that  the  result  in  (c),  the  m.m.f.  required  for  a  unit  cube,  is  12.5  amp.- 
tuma,  which  is,  of  course,  for  a  1-in.  length.  It  will,  then,  be  evident,  from  a 
consideration  of  the  facts  brought  out  in  this  example,  that  H  is  actually,  in 
a  uniform  magnetic  circuit,  the  specific  m.mi.,  that  is,  the  mjn.f.  required 
to  develop  the  flux  in  one  unit  cube  of  that  circuit. 

Note. — ^It  follows,  therefore,  that,  in  a  uniform  unit-cube  magnetic  dr- 
cuit,  B,  or  flux  density  (or  flux  through  a  unit  cube)  may  be  considered  as  the 
effect,  the  cause  of  which  is  /T  or  m.m.f.  gradient  (m.m.f.  impressed  on  a  unit 
cube).  A  similar  situation  exists  in  every  magnetic  circuit  in  which  ^  or 
total  flux  is  the  effect  of  which  I  X  N  or  total  m.m.f.  is  the  cause.  Also  note 
in  Art.  157  the  analogous  condition  where  voltage  gradient  is  the  cause  and 
current  density  the  effect  in  a  l-in.-cube  electric  circuit. 

262.  The  Flux  Produced  by  a  Helix  in  air  will  now  be  con- 
sidered. If  current  flows  around  in  a  helix  like  in  one  of  those  of 
Fig.  132,  it  will  create  a  magnetic  field  or  flux  (Art.  214).  This 
fact  can  be  readily  demonstrated  by  making  a  magnetic  spectrum 
as  suggested  in  Fig.  131.  A  considerable  portion  of  the  flux  lines 
generated  by  such  a  helix  will  circulate  the  entire  length  of  the 
space  inside  of  the  helix  and  complete  their  circuit  entirely  around 
it.  However,  some  Unes  will  leak  out  (magnetic  leakage,  Art. 
267)  and  follow  shorter  paths  between  turns,  as  suggested  in  Fig. 
130,7. 

It  follows,  then,  that  the  number  of  lines  of  force  threading  the 
air  core  of  a  helix  will  be  different  through  different  cross-sections 
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along  its  length.  More  lines  will  pass  through  the  air  core  at 
the  center  of  the  helix,  for  example,  at  By  Fig.  132,7,  than  thread 
the  core  at  any  other  point  along  its  length.  It  can  be  shown 
experimentally  and  mathematically  that  the  number  of  lines  in 
the  air  core  at  the  center  of  the  helix  is  approximately  twice 
the  number  in  the  core  at  the  ends,  as  at  -A  and  C,  Fig.  132,7. 

Moreover,  with  the  same  current  flowing  in  both  cases,  if  helix 
7,  Fig.  132,  be  pulled  out  until  it  is  twice  as  long,  as  in  777,  the 
number  of  flux  lines  in  the  air  core  at  the  center  and  the  number 
of  flux  lines  at  the  ends  G  and  7  will  be  only  half  as  great  as  at 
the  corresponding  locations  in  the  shorter  helix  of  7.  The 
reason  for  this  is  that  7  and  777,  each  has  the  same  number  of 
ampere-turns,  hence  develops  the  same  total  m.m.f.  But  the 
length  of  core — or  the  length  of  magnetic  circuit — ^in  which  the 
flux  must  be  developed  is  twice  as  great  in  777  as  in  7,  hence, 
the  total  flux  developed  by  7  will  be  twice  as  great  as  that  de- 
veloped by  777. 

Furthermore,  the  solenoid  of  77,  Fig.  132,  will  develop  more 
flux  than  will  that  of  7,  the  ampere-turns  being  the  same  in  each 
case,  because  the  area  of  77  is  greater  than  that  of  7;  hence,  the 
reluctance  of  77  is  less  than  that  of  7.  The  flux  density — ^number 
of  lines  per  square  inch — ^in  77  will  be  the  same  as  that  in  7, 
but  there  are  more  square  inches  in  77  than  7,  therefore  there  will 
be  more  lines  developed  in  77. 

263.  To  Calculate  the  Flux  Developed  by  an  Air-core  HeliZi 
the  same  fundamental  principles  which  have  been  discussed  are 
applied.  As  stated  in  Art.  262,  flux  density  varies  at  different 
locations  within  the  air  core  of  the  helix,  being  twice  as  great 
at  the  center  as  at  the  ends.  It  logically  follows  that  the  mag- 
netic gradient  at  these  locations  will  be  in  proportion.  At  the 
center  of  the  air-core  helix: 

(84)  H  =  -J-     (amp.-tums  per  in.  length) 

Therefore,  since  from  equation  (78)  H  =  B//*,  at  the  center  of 
the  air-core  helix  B  =  {M  X  fi)  -^  L  Also,  m  for  air  is  3.19 
perms  per  in.  cube.  Therefore,  the  flux  density  at  the  center 
of  an  air-care  helix  is: 

,Q^  D      3.19  XM      S.19XIXN     ,,.  .    , 

(85)  B  = J = J (Imes  per  sq.  m.) 

Since  the  flux  density  at  the  ends  is  one-half  as  great  aa  at  the 
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center,  the  flux  density  at  the  ends  of  an  air-core  helix  may  be 
computed  from  this  formula: 

(86)  B  = J —  = J (lines  per  sq.  m.) 

Wherein  B  =  flux  density,  in  lines  of  force  per  square  inch,  in 
the  air  core  of  a  helix.  M  =  m.m.f.,  in  ampere-tums  of  the 
helix.  /  =  the  current,  in  amperes,  flowing  in  the  helix.  N  == 
the  number  of  turns  in  the  helix.  I  =  the  length  of  the  helix, 
in  inches. 

Note. — ^The  above  formulas  give  very  accurate  results  for  air-oore  sole- 
noids which  are  100  times,  or  more,  longer  than  their  diameters  provided  the 
turns  are  wound  close  together.  However,  they  give  approximate  results 
for  short  solenoids  or  helices,  even  if  the  turns  are  spread  apart.  All  mag- 
netic-circuit calculations  give  approximate  results  because  of  leakage  (Art. 
267).  The  application  of  the  higher  mathematics  is  necessary  for  the  com- 
putation of  the  flux  density  produced  by  an  air-core  solenoid  at  locations 
other  than  the  center  and  the  ends  of  the  core. 

264.  To  Obtain  the  Total  Flux  in  an  Air-core  Helix  at  the 

center  or  at  the  ends,  multiply  the  flux  density  at  the  given  loca- 
tion, which  may  be  computed  with  the  above  formulas,  by  the 
area  in  square  inches  of  the  air  core  of  the  helix.  That  is,  ^  = 
AXB. 

Example. — In  Fig.  132,  three  different  air-core  helices  are  shown.  Each 
has  16  turns  and  the  current  in  each  is  5  amp.  What  is  the  flux  density  in 
the  core,  at  the  center  and  at  the  two  ends,  of  each  helix?  What  is  the  total 
flux,  4>,  in  the  core,  at  the  center  and  at  the  ends,  of  each  helix? 

Solution. — Far  Helix  L — Substitute  in  formula  (86),  the  flux  density  at 
the  center  is:  B  =  (3.19  X  I  X  N)  -i- 1  =  (3.19  X  6  X  16)  4-  2.5  =  255.2 
-7-  2.5  =  102.1  lines  per  sq,  in.  To  compute  the  total  flux  at  the  center,  B, 
of  this  helix,  which  has  an  area  of  0.79  sq.  in.:  0  =  A  X  5  =  0.79  X  102.1 
=  80.6  lines.  The  flux  density  at  ends  A  and  C  of  the  helix  will  be:  B  =■ 
(1.6  X  5  X  16)  -f-  2.5  =  61.1  lines  per  sq.  in.  Note  that  the  flux  denmty 
at  the  ends  is  just  one-half  of  that  at  the  center.  The  total  flux  at  the  ends 
AandCis0=AXB=  0.79  X  51.1  «  40.3  lines.  This  is,  it  will  be 
noted,  just  one-half  of  the  total  flux  at  the  center  of  the  helix. 

For  Helix  II. — This  has  the  same  number  of  ampere-tums  but  is  of  larger 
diameter;  the  flux  density  at  the  center  is:  B  »  (3.19  X  5  X  16)  -5-  2.6  = 
102.1  lines  per  sq.  in.,  which  is  the  same  flux  density  as  computed  above  for 
the  helix  /.  But,  now  compute  the  total  flux  in  the  air  core  (which  has  an 
area  of  3.14  sq.  in.)  at  the  center  E\  4^  ^  A  X  B  ^  3.14  X  102.1  =  320 
lines  «  total  flux  at  center. 

Note. — The  larger  the  diameter  or  the  area  inside  of  the  coil,  the  greater 
will  be  the  total  flux,  even  if  the  flux  density  is  the  same.  In  each  of  the 
ends,  D  and  F,  of  //,  the  flux  density  will  obviously  be  the  same  as  that  at 
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the  ends  of  I,  namely  51.1  lines  per  sq.  in.,  but  the  total  flux  at  the  ends  will 
be:  0  «  A  X  B  »  3.14  X  51.1  »  160.5  lirm  =  total  flux  at  ends. 

For  helix  III,  which  has  the  same  number  of  ampere-tums  as  the  other 
twO|  /  and  //,  but  is  twice  as  long  as  /,  and  is  one-half  the  diameter  of  //,  the 
flux  density  at  its  center  J  will  be:  B  =  (3.19  X  5  X  16)  -i-  5  »  51.1  lines 
per  sq.  in.,  which  is  just  one-half  the  density  at  the  center,  B,  of  I,  because 
the  length  of  //  is  twice  that  of  7.  Now,  the  total  flux  at  the  center  J  of  this 
helix,  which  has  an  area  of  0.79  sq.  in.,  will  be:  ^  ^  A  X  B  «=  0.79  X  51.1 
=  40.3  lines  =  the  total  flux  at  center.  The  flux  density  at  the  ends  G  and  / 
will  be:  B  =  (1.6  X  5  X  16)  -s-  5  =  25.5  lines  per  sq.  in.  This  is  just  half 
the  flux  density  at  the  center  J.  It  follows  that  the  total  flux  at  the  ends  G 
and/will  be:  ^  =  A  X  B  «  0.79  X  25.6  =  20.2  lines  =  total  flux  at  ends. 

SuMMABT. — Prom  a  consideration  of  the  above  examples  it  is  evident  that 
(a)  the  total  flux,  and  likewise  the  flux  density,  is  different  at  different  loca- 
tions along  its  length  in  an  air-core  solenoid :  (b)  the  greater  the  diameter  or 
core  of  a  solenoid,  the  greater  is  the  total  flux  that  is  developed — although 
the  flux  density  developed  by  a  given  number  of  ampere-tums  is  always  the 
same,  regardless  of  its  diameter,  at  a  given  position  in  the  solenoid  of  this 
example. 

266.  The  Magnetic  Circuit  of  an  Air-core  Helix  is  Not  Accu- 
rately Defined  because  of  the  paths  taken  by  the  leakage  lines,  as 
shown  in  Kg.  133,7.  However,  the  total  flux  produced  by  the 
helix  at  its  center  and  its  ends  can  be  readily  computed  as  sug- 
gested, by  applying  the  above  equation.  It  can  also  be  shown 
that  the  total  rductance,  in  rels,  of  the  magnetic  circuit  of  a  long, 
straight,  air-core  helix  is  equal  to  the  length  of  the  hdix  in  inches  -^ 
t?ie  area  of  the  core  of  the  helix,  in  square  inches.  In  other  words, 
if  the  total  m.m.f.  of  such  a  helix  is  divided  by  its  reluctance,  in 
rels,  obtained  as  just  described,  the  total  flux  produced,  that 
threading  the  helix  at  its  center,  will  be  the  result.  All  of  this 
flux  flows  through  the  air  core  of  the  straight  helix  at  its  center 
(Fig.  133,7)  but  it  spreads  out  so  that  at  other  locations  than 
the  center  within  the  air  core,  there  is  less  flux  than  the  total 
amount  developed..  As  has  been  shown,  the  flux  at  the  ends  is 
but  one-half  the  total  developed.  If,  however,  an  air-core  helix 
is  bent  into  a  circular  form  or  toroidy  Pig.  136,7,  practically  all 
of  the  Unes  of  force,  developed  by  the  ampere-tums,  remain  inside 
of  the  heUx  (Art.  269)  and  then  the  path  and  the  area  of  the  air 
magnetic  circuit  are  very  definitely  defined.  Hence,  the  reluc- 
tance of  a  toroid  magnetic  circuit  can  be  very  accurately  com- 
puted and  the  flux  in  the  air  core  at  any  location  around  the  core, 
that  a  certain  number  of  ampere-tums  will  develop,  can  be 
easily  calculated. 
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266.  When  fhe  Toms  of  a  Helix  Are  Wound  Around  Iron  and 
Are  Evenly  Distributed  Along  the  Magnetic  Circuiti  as  for  ex- 
ample, in  Fig.  161,///,  or  even  where  there  are  but  a  few  turns 
close  together,  or  the  turns  are  concentrated  as  in  /,  nearly  all 
of  the  flux  will  follow  the  iron  path  because  the  surrounding  air 
has  much  greater  reluctance  than  the  iron.    In  making  magnetic 
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Fio.  151. — ^Leakage  from  a  magnetic  circuit  surrounded  by  air. 
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circuit  calculations,  it  is  usually  first  assumed  that  all  of  the  flux 
stays  in  the  iron.  Then,  corrections  such  as  experience  and  ex- 
perimental evidence  have  shown  to  be  necessary  are,  if  required, 
made  for  leakage  as  described  in  Art.  271.  There  will  be  con- 
siderably more  leakage  with  the  arrangement  of  /  than  with  that 
of  ///,  but  for  any  ordinary  practical  problems  the  leakage  in  / 
might  be  disregarded. 


SECTION  11 


MAGNETIC  LEAKAGE 

267.  Magnetic  Leakage. — There  is  no  known  insulator  for 
magnetism  (lines  of  force)  as  is  outlined  in  Art.  225.  In  dealing 
with  electric  currents  we  can  direct  them  definitely  by  using  con- 
ductors where  we  wish  the  current  to  flow  and  by  interposing  ex- 
tremely poor  conductors  or  insulators  to  prevent  the  electricity 
from  flowing  where  we  do  not  desire  it.  Fortunately,  air  is  a 
splendid  insulator  of  electricity.  Unfortunately,  in  this  respect, 
there  is  no  very  poor  conductor  or  insulator  for  magnetism.  Air 
is  a  fairly  good  conductor  of  magnetism,  although  it  is  not  nearly 
as  good  as  iron;  see  "Permeability"  (Art.  241). 
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FiQ.  152. — niustrating  magnetic  leakage. 


It  follows  then,  that,  even  if  an  iron  core  has  developed  in  it 
a  flux  of  hues  of  force,  there  is  likely  to  be  some  leakage  of  these 
lines  through  the  surrounding  air  because  the  air  has  fairly  low 
reluctance.  A  careful  consideration  of  Art.  236  above  on 
divided  magnetic  circuits  will  make  it  clear  why  this  is  so.  An 
iron  magnetic  circuit  surroimded  by  air  is  analogous  to  an  unin- 
sulated-copper electric  circuit  immersed  in  impure  water.  There 
would  be  some  leakage  of  the  electric  current  of  such  a  circuit 
tlirough  the  water  just  as  there  is  some  leakage  of  magnetic  flux 
through  the  air.  Because  of  this  leakage  all  of  the  lines  devel- 
oped by  the  m.m.f .  of  a  helix  cannot  always  be  confined  to  the 
iron  of  a  magnetic  circuit. 

268.  An  Example  of  Magnetic  Leakage  is  shown  in  Fig.  152. 
A  certain  current  is  flowing  around  the  helices  on  the  magnet 
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cores  and  produces  a  flux  around  the  magnetic  circuit.  This 
picture  indicates  the  principle  of  magnetic  leakage  but  the  values 
given  are  only  illustrative  and  must  not  be  taken  as  accurate  or 
absolute: 

Example. — At  /  the  armature  is  held  tightly  against  the  poles,  there  is 
practically  no  leakage  and  a  total  flux  of  9  lines  circulates  around  the  entire 
magnetic  circuit.  If  the  armature  is  pulled  a  short  distance  away  from  the 
poles  as  at  //  the  reluctance  of  the  circuit  is  increased  which  decreases  the 
flux  to  7  lines  and  there  is  some  leakage.  As  the  armature  is  pulled  further 
away  as  at  ///  the  reluctance  is  still  further  increased  reducing  the  flux  to  6 
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Fig.  153» — Leakage  lines  of  generators  and  motors. 

lines  and  there  is  considerable  leakage.  If  the  armature  is  now  entirely 
removed  the  reluctance  of  the  magnetic  circuit  is  very  greatly  increased 
because  of  the  very  large  air  gap,  the  total  flux  is  thereby  reduced  to  5  lines 
and  there  is  a  great  amount  of  leakage. 

Examples  of  leakage  lines  in  generators  and  motors  are  shown 
in  Fig.  163. 

269.  Magnetic  Leakage  Can  Be  Practically  Eliminated  by 
Distributing  the  Winding  which  develops  the  m.m.f.  (Art.  220) 
uniformly  aroimd  the  magnetic  circuit  (Fig.  151,7/7) — this 
applies  only  where  the  reluctance  (Art.  227)  is  uniform  along  the 
entire  length  of  the  magnetic  circuit.  If  the  reluctance  of  certain 
portions  of  a  circuit  is  different  from  that  of  other  portions,  the 
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winding  should  be  distributed  along  the  portions  of  the  circuit, 
each  portion  being  provided  with  a  part  of  the  winding  in  pro- 
portion to  its  reluctance.  That  is,  the  portions  of  the  circuit 
that  have  the  greatest  reluctances  should  have  the  greatest  pro- 
portion of  the  ampere-turns.  The  portions  of  the  circuit  that 
have  little  reluctance  should  be  provided  with  correspondingly 
few  ampere-turns.  In  practice  it  is  seldom  possible  to  distribute 
a  winding  over  the  parts  of  a  magnetic  circuit  in  proportion  to 
their  reluctances  but  it  should  be  done  in  so  far  as  practicable. 

Example. — ^Why  it  is  that  distributing  the  winding  eliminates  leakage  will 
be  evident  from  a  study  of  Figs.  151  and  154  which  show  analogous  electric 
and  magnetic  circuits.  The  electric  circuits  are  immersed  in  a  tank  of  water 
with  a  little  acid  in  it,  which  renders  the  water  conducting  to  electric  cur- 
rents. This  is  analogous  to  the  usual  condition  of  magnetic  circuits  which 
are  always  surrounded  by  air  or  by  some  other  medium  that  is  a  fairly  good 
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Fio.  154. — ^Leakage  from  an  electric  circuit  immersed  in  water. 

conductor  of  magnetic  flux.  Now  if  the  source  of  e.m.f .  is  concentrated  as  at 
/  (Fig.  154),  the  maximum  voltage  developed,  8  volts  in  the  case  shown,  is 
impressed  across  the  copper  electric  circuit  and  the  conducting  liquid  in 
parallel.  The  current  due  to  this  8  volts  will  divide  between  the  water  and 
the  copper  paths  in  inverse  proportion  to  their  resistances  in  accordance 
with  the  law  of  divided  circuits  (Art.  197).  Much  more  current  will  flow 
through  the  copper  than  through  the  water  because  the  copper  has,  probably, 
much  the  lower  resistance.  However,  some  leakage  current  will  flow  through 
water  as  shown. 

Current  will  flow  through  the  water  from  locations  in  the  copper  ring  of 
/  which  are  at  a  high  potential  (Art.  96)  to  those  of  a  lower  potential,  as 
shown.  The  current  that  flows  between  any  two  locations  will  be  propor- 
tional to  the  difference  of  potential-voltage — ^between  the  two  locations. 
Evidently,  then,  the  most  current  will  flow  through  the  water  from  one  end 
of  the  copper  ring  to  the  other,  at  the  points  where  the  battery  joins  the  ring 
and  where  the  difference  of  potential  is  8  volts.  Obviously,  if  it  were  pos- 
sible to  so  arrange  this  submerged  electric  circuit  that  all  locations  in  it  would 
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be  at  the  same  potential  there  would  be  no  leakage  currents  through  the 
water. 

If  the  eight  cells  are  arranged  around  the  circuit  as  at  Fig.  154,//,  the 
greatest  possible  difference  of  potential  is  1  volt  and  the  leakage  currents  are 
correspondingly  reduced.  However,  by  Ohm's  law  (Art.  134),  the  same  cur- 
rent is  flowing  through  the  copper  conductor  in  /  as  in  //  because  the  total 
voltage  impressed  on  the  circuit  is  the  same  in  both  cases  and  the  resistance  is 
the  same.  Now,  if ,  as  in  ///,  16,  M-volt  cells  are  uniformly  arranged  aroimd 
the  submerged  electric  circuit,  the  maximum  difference  of  potential  is 
reduced  to  H  volt  and  the  leakage  currents  are  therefore  practically  elimi- 
nated— ^nearly  all  the  current  will  flow  through  the  copper  conductor.  It 
is  conceivable  that  a  still  greater  number  of  cells,  of  correspondingly  lower 
voltage,  could  be  cut  into  the  circuit  and  the  maximum  potential  difference 
between  any  two  locations  in  the  circuit  might  thereby  be  reduced  to  prac- 
tically 0  (zero),  in  which  case  of  course,  there  could  be  no  leakage  currents 
through  the  water.  In  other  words,  if  the  cells  that  produce  the  e.m.f.  were 
uniformly  distributed  around  the  electric  circuit  there  could  be  no  leakage 
currents. 

A  similar  set  of  conditions  obtains  with  the  analogous  magnetic  circuit  of 
Fig.  151.  With  the  ampere-turns  concentrated  as  at  /  a  large  difference  of. 
magnetic  potential  or  m.m.f .  (Art.  220)  is  concentrated  across  the  ends  of  the 
winding  and  there  would  be  a  correspondingly  great  leakage.  With  the 
winding  semi-distributed  as  at  //  the  maximum  possible  difference  of  mag- 
netic potential  is  reduced  and  the  magnetic  leakage  is  decreased  accordingly, 
just  as  the  maximum  difference  of  electric  potential  was  reduced  in  Fig.  154, 
//.  Now  with  a  winding  uniformly  distributed  as  in  ///,  all  parts  of  the 
magnetic  circuit  are  at  practically  the  same  magnetic  potential  and  there 
can  be  no  magnetic  leakage. 

Therefore,  where  possible,  the  winding  for  developing  a  m.m.f. 
in  a  magnetic  circuit  should  be  so  distributed  that  the  m.m.f. 
will  be  consumed  in  that  portion  of  the  circuit  where  it  is  applied. 
Then  there  can  be  no  leakage.  Even  with  an  air  core,  when  a 
helix  winding  is  imiformly  distributed  as  in  Fig.  135,/,  there  is 
no  appreciable  leakage. 

270.  Computation  of  Magnetic  Leakage  is  complicated  and 
almost  impossible  in  many  cases  because  of  the  difficulty  of 
determining  the  area  of  the  path,  of  the  magnetic  circuit  in  air, 
that  the  leakage  lines  traverse.  The  lines  spread  out  in  passing 
through  the  air  and  how  great  or  how  small  is  the  cross-sectional 
area  that  they  actually  occupy  cannot  be  readily  estimated  or 
calculated.  In  practice,  leakage  is  usually  determined  experi- 
mentally. A  magnetic  circuit  having  been  built,  its  leakage  or 
leakage  factor  (Art.  271)  can  be  ascertained  by  electrical  and 
magnetic  measurements. 
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271.  The  Leakage  Factor  of  a  Magnetic  Circuit  is  the  value  by 
which  the  number  of  us^ul  lines  of  force  must  be  multipUed  to 
ascertain  the  number  of  lines  of  force  that  must  be  developed  by 
the  ampere-turns  of  the  developing  helix.  That  is,  the  leakage 
factor  of  a  magnetic  circuit  is  equal  to  the  number  of  lines  de- 
veloped in  the  circuit  divided  by  the  number  of  useful  lines  of 
the  circuit. 

Example. — If,  in  the  magnetic  circuit  of  Fig.  153,7,  it  is  neceesaiy  to 
design  the  field  magnet  coils  to  produce  140  lines  of  force  for  every  100  lines 
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Fio.  155. — ^Leakage  factors  of  magnetic  circuits  of  electrical  machines. 


that  are  useful,  that  is,  that  pass  through  the  armature,  the  leakage  factor  of 
that  magnetic  circuit  is  1.4. 

272.  Leakage  Factor  Values  vary  with  the  arrangement  and 
characteristics  of  a  magnetic  circuit.  As  a  general  proposition, 
the  greater  the  pole-piece  surface  exposed  to  the  air,  the  greater 
will  be  the  leakage.  See  the  illustration  of  Fig.  155.  In  com- 
mercial generators  and  motors  the  leakage  factor  of  the  magnetic 
circuit  may  vary  from  1.1  to  1.6.  With  modern  machines,  it 
probably  varies  between  1.1  and  1.3.  Fig.  155  indicates  approxi- 
mate leakage  factors  for  some  typical  magnetic  circuits. 


SECTION  12 
CALCULATION  OF  MAGNET  WINDINGS 

273.  The  Design  of  Windings  to  Excite  Electromagnets  is  a 

rather  complicated  subject  and  can  not  be  treated  in  detail  in 
this  book.  However,  directions  are  given  in  following  articles 
whereby  windings  to  satisfy  ordinary  conditions  can  be  cal- 
culated. As  in  all  other  branches  of  engineering,  experience  is 
a  great  asset  and  is  a  necessary  equipment  of  one  who  designs 
windings  most  effectively  and  economically. 

274.  The  Requirements  in  Designing  a  Winding. — Usually 
the  number  of  ampere-turns  necessary  to  produce  a  certain 
flux  is  known,  this  number  having  been  estimated  as  outlined  in 
preceding  articles.  The  problem  is,  then,  to  determine  the  size  of 
wire  to  us6  for  the  winding  and  the  number  of  turns  for  the  wind- 
ing so  that,  with  a  given  voltage  applied  to  the  winding,  a  current 
will  flow  that  will  develop  the  required  ampere-turns.  The 
winding  must  also  be  such  that  it  will  not  heat  excessively  and 
that  it  will  fit  into  the  space  prepared  for  its  reception. 

276.  With  a  Given  Size  Wire,  a  Given  Length  of  Mean  Turn 
and  a  Given  Applied  Voltage,  Changing  the  Number  of  Turns 
Does  Not  Change  the  Ampere-turns. — To  change  the  ampere- 
turns  of  a  winding,  with  the  conditions  as  above,  it  is  necessary 
to  either  use  a  dififerent  size  wire  or  to  change  the  applied  voltage. 
If  a  wire  twice  as  large  is  used  the  ampere-turns  will  thereby  be 
doubled.  If  the  applied  voltage  is  doubled,  the  ampere-turns 
will  be  doubled.    The  following  example  explains  the  situation. 

E^CAMPLE. — Consider  the  winding  spaces  of  Fig.  156.  The  diameters  of 
all  of  the  spaces  are  as  at  /,  hence  the  average  diameter  of  coil  or  mean 
length  of  turn  is,  in  each  case,  9.42  in.  Suppose  that  the  1  in.  by  1  in. 
space  of  //  is  so  wound  with  insulated  wire  that  it  will  contain  just  100  turns 
(No.  11  single,  cotton-covered  wire.  Table  283,  will  about  meet  this  require- 
ment). See  Note  below  for  detail  calculations.  The  resistance  of  the 
entire  coil,  100  turns,  in  II  would  be  about  0.1  ohm.  Assume  that  the  im- 
pressed voltage  is  1  volt.  Then  by  Ohm*s  law,  the  current  that  would  be 
pushed  through  the  coil  by  this  voltage  would  be:/  =  j&-5-i2  =  l  voU  -^ 
0.1  ohm  =  10  amp.  Therefore,  the  ampere-turns  of  the  winding  would  be: 
100  turns  X  10  amp.  =  1,000  ampMums. 
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Now  if  the  coil  were  made  twice  as  long,  as  at  ///,  it  would  contain  twice 
as  many  or  200  turns.  But  its  resistance  would  also  be  twice  as  great. 
Hence,  sdthough  the  turns  have  been  doubled,  the  current  has  been  halved, 
hence  the  ampere-turns,  assuming  the  same  applied  voltage  (1  volt)  would 
remain  100.  With  the  winding  of  IV ,  the  turns  are  increased  eight  times 
but  the  resistance  is  also  thereby  increased  eight  times.  Hence,  one-eighth 
the  current  will  flow  and  the  ampere-turns  will  remain  200. 

Note. — The  resistance  of  the  above-mentioned  coil  was  calculated  as  fol- 
lows: The  length  of  mean  turn  for  /,  Pig.  156,  is  3  in.  X  3.1416  -  9.42  in. 
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Fio.  156. — Illustrating  effect  of  changing  number  of  turns,  the  mean  length  of 
turn  remaining  constant. 

If  the  1  in.  by  1  in.  space  of  II  is  wound  with  No.  11  single,  cotton-covered 
magnet  wire.  Table  283,  it  will  contain  just  about  100  turns.  The  average 
length  of  each  turn  is:  9.42  in.  -i-  12  »  0.79  ft.  Then  in  the  entire  coil 
there  are  0.79  ft.  X  100  turns  -  79  ft.  The  resistance  of  1,000  ft.  of  No.  11 
wire  (Table  157)  1.26  ohms  or  the  resistance  of  1  ft.  is  0.00126  ohm.  Then 
the  resistance  of  the  entire  ooil  is:  0.00126  ohm  X  79  ft.  »  0.1  ohm — ^the 
value  used  above. 

276.  Increasing  the  Number  of  Turns  in  a  Coil,  Having  a 
Given  Length  of  Mean  Turn  and  with  a  Given  Applied  Voltage, 
Decreases  the  Heat  Developed  by 
the  CoiL — Decreasing  the  number 
of  turns  increases  the  heat. 
Therefore,  the  amoimt  of  wire  on 
a  coil,  the  conditions  being  as 
above,  determines  whether  it  will 
operate  hot  or  cool.  The  size  of 
wire  (Art.  275)  merely  determines 
the  ampere-turns.  The  reason  of  this  is  that  the  heat  developed 
by  a  current  of  electricity  in  any  conductor  varies  as  the  square 
of  the  current  (Art.  167).  That  is,  watts  heat  developed  always 
equals:  P  X  R>  Doubling  the  turns  halves  the  heating.  Other 
increases  or  decreases  in  the  number  of  turns  change  the  heating 
produced  proportionately. 

Example. — (1)  Assume  a  coil  having  200  turns  and,  say,  20  ohms  resist- 
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ance.  If  this  coil  were  connected  across  100  volts,  5  amp.  would  flow 
through  it.  The  heat  developed  in  the  coil  would  then  be:/'X£«5X 
5  X  20  =  500  watts.  (2)  Now  consider  another  coil  of  the  same  size  wire, 
and  having  the  same  mean  length  of  turn,  but  wound  with  twice  as  many  or 
400  turns.  Its  resistance  will  be  twice  as  great  or  40  ohms.  If  connected 
across  100  volts,  2.5  amp.  will  flow  through  it.  The  heat  developed  by  this 
coil  will,  therefore,  be:  2.5  amp.  X  2.5  amp.  X  40  ohms  =  250  watts.  This 
is  just  half  of  the  heat  developed  by  the  coil  having  100  turns. 

277.  Calculation  of  Size  Wire  for  a  Magnet  Coil  Tliat  Will 
Provide  a  Required  Number  of  Amperes-turns  When  Connected 
Across  a  Given  Voltage. — The  working  formula  is  the  last  one 
in  this  paragraph.  Its  derivation  will  be  given :  It  follows  from 
the  formula  of  Art.  144  for  computing  the  resistance  of  any  con- 
ductor that: 

^Q7^  I?        ^XJy    ^  I  KXNXI  ,  ,      , 

^*^^  ^  =  dr.  mils    ><  I2  =  12  X  dr.  mils  ^^^^^"^ 

Wherein  R  =  resistance,  in  ohms,  of  all  of  the  turns  of  any  mag- 
net winding.  X  =  a  constant,  numerically  equal  to  the  resist- 
ance in  ohms  of  a  circular  mil-foot  of  the  conductor  of  the  winding. 
N  =  number  of  turns  in  the  winding.  Z  =  length  in  inches  of  an 
average  turn  of  the  winding — or  the  length  of  a  mean  turn. 
Cir,  mils  =  cross-sectional  area  of  the  conductor  in  circular 
mils. 

If  the  magnet  coil  is  to  operate  on  some  certain  fixed  voltage, 
as  magnet  coils  usually  do,  the  current  through  the  coil  will  be, 
by  Ohm's  law,  I  —  E  -i-  R.  Now  substituting  the  expression 
for  R  obtained  above  in  this  Ohm's  law  formula,  we  have: 

rQQ\         T      ^  g  Ex  dr.  mils  X  12  ,         , 

(88)        /  =  ^  =     KXNXI  KXNXI ^^"^^'^ 

12  X  dr.  mils 

Wherein  /  =  current,  in  amperes,  through  the  coil.  E  =  e.m.f. 
impressed  on  the  coil,  in  volts.  Now  multiplying  both  sides  of 
this  last  equation  by  iV,  we  have: 

.^^.                    .^      E  X  dr.  mils  X12XN      .,  '    , 

(88a)  IN  =  X  X  I  XN (amp.-tums) 

The  two  iV's  in  the  right-hand  member  cancel  out  giving: 

(886)  IN  = J^      J f  (amp.-turns) 

and  it  follows  that: 

(88c)  cir.  mils  = 12  x  E ^^^*  °^^ 
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But,  for  soft-drawn  copper  wire  operating  at  about  130  deg.  F., 
K  becomes  (see  Fig.  90)  12  ohms.  Therefore,  where  a  winding 
will  operate  at  about  130  deg.  F.,  which  is  a  fair  average  operating 
temperature:  cir,  mils  =  IXNXlX  12 -^EX  12.  The  two 
12'8  cancel  out  giving  as  the  working  formula: 

(88cO  cir.  mils  = ^ (circular  mils) 

278.  Effects  of  Heat  on  a  Magnet  Winding. — As  outlined  in 
Art.  277,  the  formulas  there  given  for  determining  the  size  wire 
necessary  to  produce  a  certain  number  of  ampere-turns  are  based 
on  the  assumption  that  the  winding  will  operate  at  a  temperature 
of  about  130  deg.  F.  If  the  winding  actuaUy  operates  at  a  lower 
temperature,  the  wire  size  obtained  by  using  the  Art.  277  formula 
will  be  larger  than  necessary.  This  is  because  the  resistance  of 
copper  decreases  as  its  temperature  decreases  as  outlined  in  Art. 
147;  the  graph  of  Fig.  90  shows  how  the  resistance  of  a  circular 
mil-foot  of  copper  varies  with  the  temperature.  By  substituting 
the  proper  value  for  K,  from  Fig.  90',  in  the  formula  of  Art.  277, 
the  ampere-turns  necessary  with  any  other  operating  temperature 
than  130  deg.  F.  can  be  easily  determined.  If  the  wire  for  a 
winding  determined  in  accordance  with  the  formula  of  Art.  277 
actually  operates  at  a  temperature  greater  than  130  deg.  F.,  the 
wire  will  then  be  too  small  rather  than  too  large. 

279.  The  Amount  of  Heat  That  Can  be  Dissipated  By  a  Magnet 
Coil  without  an  excessive  temperature  rise  is  determined  largely 
by  the  amount  of  surface  that  the  coil  exposes  to  the  air.  It  is 
frequently  the  practice  to  assume  that  there  should  be  the  equiva- 
lent of  1  sq.  in.  coil  surface  exposed  to  the  air  for  every  0.8 
watt  of  PR  loss  or  heat  developed  by  the  coil.  Experience  shows 
this  rule  to  be  safe  under  ordinary  conditions  and  where  it  is 
followed  a  coil  will  not  acquire  a  temperature  great  enough  to 
injure  its  insulation.  A  safer  practice  is  to  allow  1  sq.  in.  equiva- 
lent surface  for  every  0.5  watt  of  PR  loss  in  the  coil.  It  is 
usually  assumed  that  the  heat  dissipated  through  surfaces  of  the 
magnet  structure,  in  addition  to  that  dissipated  directly  from  the 
surface  of  the  coil,  amounts  to  from  50  to  75  per  cent,  of  that 
radiated  directly  from  the  coil  surface.  As  a  general  proposi- 
tion, no  coil  that  is  to  carry  relatively  heavy  currents  should  be 
thicker  than  2  in. 

Example. — How  many  watts  heat  low  can  the  coil  of  Fig.  67  diflsipate 
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without  becoming  excessively  hot?  Solution. — Coil  is  4  in.  in  diameter, 
hence  is:  4  X  3.14  =  12.6  in.  in  circumference.  It  is  12  in.  long.  There- 
fore, the  surface  of  the  coil  exposed  to  the  air  is:  12.6  X  12  =  151  sq.  in.  It 
will  be  assumed  that  the  heat  conducted  into  and  radiated  from  the  yoke 
and  pole-piece  will  be  75  per  cent,  of  that  radiated  direct.  Then,  the  total 
equivalent  radiating  surface  =  1.75  X  151  sq.  in.  =  270  sq.  in.  Assuming 
each  square  inch  surface  will  radiate  0.8  watt,  the  total  watts  that  can  be 
dissipated  by  the  coil  will  be  0.8  X  270  =  216  watt8, 

280.  The  Maximum  Permissible  Thickness  of  Magnet  CoilSi 

of  cotton-covered  wire,  that  are  wound  solid — without  ventilating 
ducts — and  that  may  carry  continuously  relatively  heavy  cur- 
rents, is  2  in.  Where  coi^s  are  thicker  than  this,  the  heat  devel- 
oped in  the  inner  turns  travels  slowly  to  the  surface  from  which 
it  may  be  radiated.  The  consequence  is,  that  the  inner  turns  of 
such  coils  may  become  excessively  hot.  Where  the  wire  compris- 
ing the  winding  is  insulated  with 
a  non-combustible  or  heat-resist- 
ing material  windings  may  be 
thicker  than  2  in. 

281.  Example  Illustrating  the 
Design  of  a  Constant-voltage 
Magnet  Coil  to  produce  a  certain 
number  of  ampere-turns  is  given 
in  the  following  articles : 

Example. — Design  a  winding  to  pro- 
168.— Example  in  desigDing  a  ^^^  11,000  amp.-tums  for  the  winding 
magnet  winding.  space  of  Fig.    158.     Assume  the  volt- 

age available  to  be  110.  Solution. 
— (l)DETERMiNiNa  WiRE  SizE. — Assume  that  the  coil  will  be  2  in.  thick, 
the  maximum  permissible  thickness  (Art.  280).  The  magnet  core  is  8  in.  in 
diameter.  Hence,  the  diameter  of  mean  turn  is  10  in.  The  circumference  of 
mean  turn  equals:  10  X  31.4  »  31.4  in.  Substituting  these  values  in  the 
formula  of  277: 

,.                 •         1          ^^X/       11.000  X  31.4      .,^^    .        ., 
(a)  cir.  mils  =    — p —  = r^^r *  3,140  ctr.  mils 
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Hence  to  produce  11,000  amp.-tums  under  the  conditions  outlined  a  3,140- 
cir.  mil  winding  should  be  used.  Referring  to  Table  157,  a  3,140-cir.  mil 
conductor  lies  between  Nos.  15  and  16,  American  Wire  Gage.  We  will  use 
the  larger  wire,  No.  15.  Remember,  Art.  275,  that  a  3,140-cir.  mil  conductor 
will  then  produce  11,000  amp.-tums,  regardless  of  how  few  or  how  many 
turns  of  this  conductor  are  wound  into  the  coiL 

2.  Ascertain  Just  How  Many  Ampere-turns  the  Wire  Size  as 
Above  Will  Produce. — Since  with  a  given  voltage,  wire  size  and  mean 
length  of  turn,  the  amount  of  this  No.  15  wire  wound  on  the  coil  will  not 
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afifect  the  number  of  ampere-turns  developed,  we  will  find  the  number  of 
ampere-turns  developed  by  1  lb.  of  wire.  Then  the  ampere-turns  developed 
by  a  greater  or  lesser  amount  of  the  wire  will  be  the  same  (Art.  275)  number. ' 

The  length  of  a  mean  turn  is  31.4  in.,  is:  31.4  -^  12  »  2.62  ft.  From 
Table  157,  1  lb.  of  No.  15  wire  contains  101.63  ft.  Then  1  lb.  of  No.  15 
would  provide:  101.63  -^  2.62  »  38.8  turns.  A  coil  containing  1  lb.  of 
No.  15  would  have  a  resistance  (Table  157)  of  0.32  ohm.  Then  a  1-lb.  coil 
would,  on  110  volts,  pass  110  -^  0.32  =  344  amp.  Therefore,  the  ampere- 
turns  of  No.  15  wire  for  the  conditions  of  this  example  are:  344  amp.  X  38.8 
turns  =  13,350  amp.-tums.  Whether  1,  10,  100  or  1,000  turns  of  No.  15 
wire  were  wound  on  the  core  of  Fig.  158  (with  a  mean  diameter  of  turn  of  10 
in.  and  an  applied  voltage  of  110)  the  ampere-turns  would  remain  13,350. 

3.  Detbrminb  Heat  Radiating  Surface  of  Coil. — The  outside  diam- 
eter of  the  coil  will  be  12  in.  Therefore,  its  circumference  will  be:  12  in.  X 
3.14  »  37.7  in.  The  exposed  area  of  the  coil  will  be:  37.7  in.  X  10  in.  = 
377  sq.  in.  Assume  that  the  pole-piece  and  frame  provide  a  radiating  sur- 
face 75  per  cent,  as  great  as  that  of  the  winding  (Art.  279).  Then  the 
total,  equivalent  radiating  surface  is:  377  X  1.75  »  660  sq.  in. 

4.  Determine  Watts  Power  Loss  Permissible  in  the  Coil. — Assume 
(Art.  279)  that  each  square  inch  of  equivalent  coil  surface  will  radiate  the 
heat  produced  by  0.5  watt.  Then  the  coil  can  effectively  radiate  the  heat 
due  to:  0.5  X  660  =  330  watts. 

5.  Determine  Permissible  Current  in  Coil. — With  a  pressure  of  110 
volts,  the  current  that  will  develop  330  watts  is  (Art.  164) :  /  =  P  ^  ^  « 
330  watts  •}-  110  volts  »  3  amp.  Therefore,  the  permissible  current  in  the 
coil  is  3  amp. 

6.  Determine  Amount  of  Wire  Required. — ^Through  a  coil  of  1  lb.  of 
No.  15  wire  (as  calculated  in  (2)),  344  amp.  will  flow.  As  determined  in  (5), 
the  permissible  current  through  the  coil  of  this  example  is  3  amp.  To  pass  a 
current  of  3  amp.,  a  coil  of  No.  15  wire  weighing:  344  -^  3  =>  115  lb.  would 
be  required.  We  will  then  use  115  lb.  of  No.  15  if  it  will  fit  in  the  winding 
space  available.  Since  (Table  157)  there  are  101.6  ft.  in  1  lb.  of  No.  15  bare 
copper  wire,  the  length  of  wire  in  the  115-lb.  coil  required  in  this  problem 
would  be:  115  X  101.6  =  11,700  ft. 

7.  Check  Wire  Size  to  Ascertain  if  it  Can  Be  Wound  in  Space 
Available. — We  must  find  room  for  11,700  ft.  of  No.  15  wire  which  must  be 
insulated.  The  thickness  of  the  coil  is  2  in.  and  its  length  is  10  in.  The 
cross-section  of  the  coil  is,  then:  2  X  10  »  20  sq.  in.  Assume  that  single 
cotton-covered  magnet  wire  will  be  used.  From  Table  283,  1  sq.  in.  will 
contain  249  such  wires  or  turns.  The  20  sq.  in.  will  contain:  20  X  249  = 
4,980  turns.  The  mean  turn  has,  as  determined  in  (2),  a  length  of  2.62  ft. 
Then,  total  length  of  wire  that  can  be  wound  in  coil  is:  2.62  X  4,980  = 
12,050  ft.  It  is,  then,  evident  that  there  is  ample  room  for  the  11,700  ft. 
that  is  necessary,  as  calculated  in  (6). 

282.  Magnet  Coils  Operating  on  Constant  Current,  such  as 
coils  of  constant-current  or  series  generators  arid  series  street 
lighting  system  magnets,  always  have  practically  the  same 
current  flowing  through  them.    Therefore,  with  such  coils  the 
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wire  size  merely  determines  the  7*  X  J?  loss  or  heating  in  the  coil. 
Where  such  a  coil  is  to  be  designed,  divide  the  ampere-turns 
required  by  the  amperes  flowing  in  the  constant-current  circuit; 
the  result  will  be  the  number  of  turns  required.  Use  a  size  wire 
that  will  carry  this  current  without  excessive  heating. 


283.  Cotton-covered  Annealed-copper  Magnet  Wire. 
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SECTION  13 
APPLICATIONS  OF  ELECTROMAGNETS 

284.  The  Most  Important  Application  of  Electromagnets  is 

for  the  field  coils  of  electricity  generators  and  motors.  See  index. 
The  most  economical  method  of  developing  electrical  energy 
where  relatively  large  quantities  are  required  is  to  revolve  suit- 
ably arranged  conductors  in  intense  magnetic  fields,  Art.  447. 


IL-The  Telephone  P.ecelver 
FiQ.  169. — Practical  applications  of  electromagnets. 

Electromagnets  are  used  to  produce  these  fields;  Art.  548  shows 
the  field  coils  and  a  portion  of  the  magnetic  circuit  of  a  direct- 
current  generator  or  motor.  Strong  magnetic  fields,  produced 
hy  electromagnets  are  also  necessary  in  electric  motors. 

285.  Action  of  the  Electromagnets  in  an  Electric  Vibrating 
Bell. — When  the  button  B  is  pressed  (Fig.  159,/)  a  circuit  is 
13  193 
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completed  through  the  cell  (sometimes  though  incorrectly,  called 
battery),  button  and  bell  and  electricity  flows.  It  magnetizes 
the  iron  cores  of  the  magnets  A  by  flowing  around  the  magnet 
coils.  Then  the  armature  S  is  attracted  and  the  circuit  is  broken 
at  the  contact  point  P.  The  electricity  ceases  to  flow  through 
the  coils,  the  magnet  cores  lose  their  magnetization  and  the  leaf 
spring  on  which  the  armature  is  mounted  forces  it  back  again 
against  the  contact  point  P.  The  circuit  is  thereby  again  com- 
pleted and  the  process  of  attraction  and  "springing  back''  is 
thus  continued  so  long  as  the  button  is  pressed  down  completing 
the  circuit.  In  commercial  electric  bells,  one  of  the  binding 
posts  is  usually  electrically  connected  to  the  iron  frame  of  the 
bell  and  the  iron  frame  constitutes  a  portion  of  the  circuit. 

286.  The  Application  of  the  Electromagnet  in  the  Electric 
Telegraph  is  illustrated  in  Figs.  160  and  161.  The  key  or  trans- 
mitter (Fig.  160,/)  is  simply  a  current  interrupter  similar  to  a 

ps/ss     -Piwffimtm^t^ 
A     ^ 


flbiMiir     i?^t         DT^"     r  -^^^-^^ 

T-Key  H- Sounder  E- Relay 

Fig.  160. — Telegraph  instruments* 

push  button.  It  comprises:  a  brass  lever  A  which  turns  on  a 
triinnion  B.  It  is  connected  in  the  line  by  the  binding  screws  C 
and  D.  On  pressing  down  the  lever,  a  platinum  point,  extending 
frdm  the  lower  face  of  the  lever,  makes  contact  with  another 
platinum  point  E.  The  circuit  is  thereby  closed.  When  the 
key  is  not  in  use  the  path  through  the  key  is  closed  by  shifting 
the  lever  F, 

The  bounder  (Fig.  160,//)  or  receiver  comprises  an  electromagnet  A  with 
a  pivoted  armature  B,  When  the  circuit  is  closed  through  the  terminals  D 
and  Ej  the  armature  is  attracted  toward  the  magnet.  This  produces  a 
clicking  sound  as  the  armature  bar  strikes  between  the  two  adjustable 
screws  that  limit  its  action.  When  the  circuit  is  broken,  the  spring  c  pulls 
the  armature  away  from  the  electromagnet. 

The  relay  (Fig.  160,///)  is  used  to  "relay"  the  line  current  in  a  long 
telegraph  line.  When  the  resistance  of  the  line  is  great,  the  current  may  not 
be  sufficiently  strong  to  operate  directly  a  sounder,  which  requires  a  relatively 
large  current.     Furthermore,  there  is  always  a  leakage  of  current,  from  a 
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telegraph  line,  due  to  imperfect  insulation.  This  leakage  may  be  so  pro- 
nounced that  only  a  fraction  of  the  current  that  leaves  the  sending  station 
reaches  the  receiving  station.  To  overcome  these  difficulties  a  relay  is  used. 
It  consists  of  an  electromagnet  A  having  coils  of  many  turns  of  small- 
diameter,  copper  wire,  which  is  connected  into  the  circuit  (Fig.  161)  by  means 
of  the  binding  posts  C  and  D,  As  its  armature  H  oscillates  between  the 
points  Kf  it  opens  and  closes  a  "local"  circuit,  connected  through  E  and 
Ff  in  which  a  battery  and  sounder  are  inserted.  Thus,  through  the  agency  of 
a  relay,  a  strong,  local  current,  that  flows  or  ceases  to  flow  in  step  with  the 
line  current,  is  provided.    This  strong  current  operates  the  soimder. 

The  battery  for  a  telegraph  line  ordinarily  consists  of  a  number  of 
gravity  cells  (Art.  369)  connected  in  series.  If  the  line  is  long  a  consider- 
able number  of  cells  iq  used.  Usually  the  battery  is  divided  into  two  sec- 
tions, one  at  each  terminal  station,  each  in  series  with  the  line. 

A  TYPICAL  DIAGRAM  OF  A  TELEGRAPH  SYSTEM  is  shown  in  Fig.  161  which 

shows  how  the  above  described  components  are  interconnected.  The  earth 
is  ordinarily  used  for  a  return  path  for  the  current  and  an  iron  or  copper 
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Fig.  161. — Diagram  of  an  electric  telegraph  system. 


wire  supported  on  glass  insulators  is  used  for  the  other  side  of  the  circuit. 
An  earth-return  path  has  practically  no  resistance. 

287.  The  Electromagnet  in  a  Telephone  Receiver  is  shown  in 
Fig.  159,//.  In  this  device  the  magnetic  field  produced  by  an 
electromagnet  is  superimposed  on  the  field  due  to  a  permanent 
magnet  of  hard  steel.  The  hard  rubber  case  is  in  three  parts: 
the  base,  the  shell  and  the  cap.  Two  permanent  bar  magnets 
are  usually  employed  and  they  are  so  fastened  together  at  one 
end  as  to  constitute  one  horseshoe  magnet.  To  each  of  the  free 
ends  of  this  horseshoe  magnet  are  clamped  the  soft-iron  pole- 
pieces.  Each  pole-piece  is  wound  with  a  coil  of  small-diameter, 
insulated  copper  wire.  The  soft-sheet-iron  diaphragm  is  sup- 
ported in  front  of  the  pole  pieces.  The  diaphragm  forms  a 
part  of  the  magnetic  circuit.  Where  the  lines  of  force  enter  the 
one  face  of  the  diaphragm  a  south  pole  is  induced.    Where  they 
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leave  the  other  face  of  the  diaphragm  a  north  pole  is  induced. 
The  diaphragm  is  really  an  armatm^e  and  the  attraction  of  the 
permanent  magnet  '^ dishes''  it  toward  the  pole-pieces. 

Note. — The  coils  on  the  pole-pieces  are  woimd  in  opposite  directaons. 
When  a  current  flows  around  them  in  one  direction  it  weakens  the  fidd  of  the 
permanent  magnet.  When  the  current  flow  is  in  the  other  directioa  the 
field  of  the  permanent  magnet  is  strengthened.  The  "talking"  current  in  a 
telephone  line  is  alternating.  Hence,  when  such  a  current  flows  through  the 
receiver  magnet  coils  the  field  produced  by  the  joint  effect  of  the  permanent 
and  the  electromagnets  is  alternately  strengthened  and  weakened.  This 
causes  the  diaphragm  to  vibrate  and  to  reproduce  the  sound  of  the  human 
voice. 

When  the  field  is  strengthened,  the  diaphragm  is  attracted  toward  the  pole- 
pieces.  When  the  current  ceases,  the  diaphragm  assumes  its  normal  posi- 
tion. When  the  field  is  weakened,  that  is,  when  the  field  produced  by  the 
electromagnets  opposes  the  field  of  the  permanent  magnets,  the  diaphragm 
springs  further  away  from  the  pole-pieces. 

288.  The  Permanent   Magnets   in   a  Telephone   ReceiTer 

increase  the  sensitiveness  of  a  telephone  receiver.  It  can  be 
shown  that*  the  sensitiveness  is  increased  many  times  by  the 
incorporation  of  the  permanent  magnets.  Furthermore,  if  a 
receiver  is  not  equipped  with  permanent  magnets,  the  diaphragm 
would  be  attracted  toward  the  poles  of  the  electromagnets  re- 
gardless of  the  direction  in  which  the  current  flowed  through  the 
coils.  Also,  it  would  spring  entirely  back  when  the  current 
ceased.  It  would  apparently  vibrate  twice  as  fast  if  no  permanent 
magnet  were  used  which  would  interfere  with  the  distinctness 
of  the  resulting  sound. 

289.  Other  Important  Applications  of  Electromagnets  are 
found  in  arc  lamps,  remote-control  switches,  circuit  breakers, 
magnetic  brakes  and  magnetic  ore  separators. 

290.  Magnetic  Traction. — The  lifting  power  or  'portative  force 
of  an  electromagnet  is  due  to  the  tension  or  pull  always  exerted 
along  lines  of  force  (Art.  65)  whereby  the  lines  tend  to  shorten 
themselves  as  do  stretched  rubber  bands.  For  example,  in  Fig. 
162,/,  the  lines  of  force  flowing  in  the  magnetic  circuit  traverse 
the  path  of  least  reluctance  and  must  necessarily  cross  the  air 
gap.  If,  however,  a  piece  of  iron  A  is  placed  across  the  air  gap, 
as  at  //,  nearly  all  of  the  lines  will,  because  of  the  low  reluctance 
of  iron,  flow  through  the  iron  piece.  Then,  the  tension  along 
the  lines  of  force  will  draw  the  iron  or  armature  up  against  the 
— ^e-pieces  and  hold  it  there. 

Tua  Elbctbo  Maqnbt,  Varley,  p.  45. 
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291.  The  Factors  That  Determine  the  Lifting  Power  of  a  Mag- 
net are  numerous  and  are  difl5cult  to  predetermine  for  all  of  the 
possible  conditions.  The  tractive  force  (lifting  power)  of  a  given 
electromagnet  depends  not  only  on  its  magnetic  strength  but 
also  on  its  form,  the  shape  of  its  poles  and  on  the  form  of  the  iron 
or  armature  that  it  attracts.  Special  treatises  on  electromagnets 
discuss  in  detail  the  characteristics  of  Ufting  magnets  of  certain 
forms  and  for  certain  purposes.  However,  if  a  magnet  is  as- 
sumed which  has  its  poles  in  actual  contact  with  the  keeper,  the 
problem  is  much  simplified.  For  such  a  magnet  the  lifting  power 
is  proportional  to  just  two  factors:  (1)  It  is  directly  proportional 
to  the  area  of  the  pole  faces  which  are  in  contact;  (2)  it  is  pro- 
portional to  the  square  of  the  magnetic  density  (that  is,  to  the 
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Fio.  162. — ^Illustrating  the  principle  of  magnetic  traction. 


square  of  the  number  of  Unes  of  force  per  square  inch)  in  the 
minute  gap  between  the  pole  face  and  the  armature. 

292.  The  Lifting  Power  of  a  Magnet  Is  Proportional  to  the 
Square  of  the  Flux  Density  in  the  joint  between  the  pole  faces 
and  the  keeper,  as  outlined  in  the  preceding  paragraph.  That 
is,  the  lifting  power  depends  not  only  on  the  number  of  lines  of 
force  flowing  across  the  joint  but  also  on  the  "closeness  together" 
or  density  of  these  lines  across  the  joint.  This  fact  is  illustrated 
by  the  values  of  Table  294,  which  were  computed  from  the 
formula  of  Art.  295. 


Example. — ^Assume  an  electromagnet  having  a  total  pole  area  (Fig.  163,7) 
of  2  sq.  in.  and  assume  that  the  total  flux,  5,000  lines,  crosses  each  joint 
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between  the  magnet  and  the  keeper.  Obviously  the  flux  density  in  each  of 
these  joints  is  5,000  lines  per  sq.  in.  Now,  from  Table  294,  the  pull  in  pounds 
for  each  square  inch  pole  area,  with  a  density  of  5,000  lines,  is  0.34  lb.  Hence 
the  total  pull  of  the  magnet  of  /  is:  2  sq.  in.  X  0.34  lb.  =  0.68  lb.  But  if 
the  magnetic  circuit  is  rearranged,  as  at  //,  so  that  the  total  flux  is  10,000 
lines,  the  flux  density  will  obviously  be  10,000  lines  per  sq.  in.  in  each  of  the 
joints.  From  Table  294,  the  pull  for  each  square  inch  with  this  flux  density 
is  1.4  lb.  Therefore,  the  total  pull  is  2  sq.  in.  X  1.4  lb.  ^  2.8  lb.  It  is 
evident  that  by  doubling  the  flux  density  the  pull  has  been  increased  four 
times.     This  follows  because  the  pull  varies  as  the  square  of  the  flux  density. 

This  fact  (that  the  traction  of  a  magnet  increases  as  the  square 
of  the  flux  density)  explains  many  apparently  inconsistent  phe- 
nomena relating  to  the  lifting  power  of  magnets.  Where  the 
surfaces  of  pole  faces  and  keeper  are  exactly  true  and  flat,  the 
keeper  may  be  held  to  the  pole  faces  with  considerably  less  force 
'  than  if  the  pole  faces  are  slightly  convex.  Furthermore,  if  the 
keeper  of  an  electromagnet  is  shifted  until  only  its  sharp  edge  is 
in  contact  with  the  pole  faces,  it  may  be  held  to  the  poles  with 
greater  force  than  if  it  is  placed  fairly  and  squarely  on  them. 
Usually  a  magnet  with  pole  faces  that  are  slightly  uneven  will 
sustain  a  greater  weight  than  one  having  surfaces  that  are  ab- 
solutely true  and  smooth.  The  explanation  for  these  odd  con- 
ditions is  that,  when  the  area  of  contact  is  decreased,  the  flux 
density  through  the  remaining  contact  surfaces  is  increased  by 
the  lines  crowding  into  them.  If  the  crowding  is  suflScient  that 
the  square  of  the  density  is  increased  more  than  the  area  is  dimin- 
ished, the  lifting  power  is  increased  by  reducing  the  area  of 
contact. 

293.  To  Produce  a  High  Flux  Density  In  the  Joint  so  as  to 
obtain  great  lifting  power  with  minimum  material  in  an  electro- 
magnet, the  edges  of  the  pole  faces  are  frequently  chamfered  oflf 
as  suggested  in  Fig.  164.  With  this  construction,  the  flux  density 
in  the  joint  is  high,  but  it  is  relatively  low  in  the  balance  of 
the  magnetic  circuit.  The  following  example  illustrates  the 
principle. 

Example. — Consider  the  lifting  magnet  of  Fig.  163,///,  w^hich  is  identical 
with  that  of  /,  except  that  the  edges  of  the  pole  faces  are  chamfered  off  so 
that  the  area  of  each  is  M  sq-  in.  Then  the  flux  density  in  each  joint  is: 
5,000  lines  +  0.5  sq.  in.  =  10,000  lines  per  sq.  in.  Now,  from  Table  294, 
the  pull,  per  square  inch  area,  with  a  flux  density  of  10,000  lines,  is  1.4  lb. 
Then  for  the  1  sq.  in.  pole  area  of  this  problem  the  total  pull  will  be:  1  sq. 
in.  X  1.4  lb.  «  1.4  lb.  It  is  therefore  evident  that  by  chamfering  off  the 
edges  of  the  poles  the  pulling  power  of  the  magnet  has  been  increased  from 
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0.68  lb.  (in  /)  to  1.4  lb.  (in  //).    A  few  more  ampere-turns  would  be  required 
to  force  the  flux  of  5|000  lines  through  the  magnet  circuit  of  //  than  through 
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Fig.  163. — Illustrating  the  effect  of  flux  density  on  lifting  power. 


that  of  /,  but  the  increase  in  ampere-turns  necessary  would  be  very  small 
and  could  probably  be  neglected  in  practice. 


SECTION  14 
MAGNETIC  TRACTION  AND  LIFTING  MAGNETS 

294.  Traction  or  Pull  of  Electromagnets  at  Different  Flux 
Densities. — This  table  was  calculated  from  the  formula  of  Art. 
295. 


B  I  B  t 

Flux  density.  Traction,  Flux  density,  Traction, 

lines  per  sq.  in.  in     pull  (in  lb.  per  sq.  in.  I  lines  per  sq.  in.  in  i  pull  (in  lb.  per  sq.  in. 

joints  oet ween  arm*- ;    pole  area)  between    '  joints  between  armft-j  pole  area)  between  ar- 

ture  and  magnet     '  armature  and  magnet  i    ture  and  magnet    i   mature  and  magnet 


6,000          ' 

0.34 

75.000 

78.0 

10,000 

1.40 

80,000 

88.7 

15,000 

3.10 

1           85,000 

100.0 

20,000 

5.50 

90,000 

112.0 

25,000 

8.70 

95,000 

125.0 

30,000 

12.50 

100,000 

138.0 

35,000 

20.00 

105,000 

153.0 

40,000 

22.20 

110,000 

168.0 

45,000 

28.10 

115,000 

183.0 

50,000 

34.60 

120,000 

199.0 

55,000 

41.90 

125,000 

216.0 

60,000          1 

49.90 

130,000         , 

234.0 

65,000 

58.50 

135,000 

262.0 

70,000 

67.90 

140,000 

272.0 

296.  The  Formula  for  Computing  the  Pull  of  an  Electromagnet 

is  given  below.  It  is  derived  by  applying  the  higher  mathematics 
but  can  be  verified  readily  by  experiment.  The  formula  is  strictly 
accurate  only  when  there  is  no  magnetic  leakage,  when  the 
armature  lies  closely  against  the  pole  faces  and  when  certain  other 
ideal  conditions  are  satisfied.  However,  it  can  be  used  without 
great  error  for  solving  nearly  all  practical  problems — even  if  the 
armature  and  pole  faces  are  some  distance  apart. 
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Fio.  164. — ^Lifting  and  tractive  electromagnets. 

Wherein  T  =  total  pull  in  pounds  between  the  armature  and 
keeper  and  the  magnet.  B  =  flux  density  (in  lines  per  square 
inch)  in  the  joint  between  the  pole  faces  and  the  armature.  A  = 
the  cross-sectional  area,  in  square  inches,  of  the  pole  faces  against 
which  the  armature  is  drawn. 

296,  Types  of  Lifting  Magnets. — Probably  the  most  effective 
design  for  a  Ufting  magnet  is  that  shown  in  Fig.  164,/.  For 
maximum  lifting  power,  the  greatest  possible  number  of  lines 
should  be  driven  across  the  joint  between  the  magnet  and  the 
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armature.  Furthermore,  the  area  of  the  joint  should  be  as  small 
as  feasible  to  produce  a  high  flux  density  in  the  joint,  for  the 
reasons  outlined  above.  The  magnet  case  or  core  almost  entirely 
encloses  the  winding  and  thereby  protects  it  from  damage.  Fig. 
165  shows  the  construction  of  a  large  lifting  magnet  of  this  type. 
The  coil  can  be  taken  from  the  case  by  removing  the  coil  shield. 
In  Fig.  164,//,  is  shown  a  coil  and  plunger  electromagnet.  This 
kind  of  magnet  provides  a  powerful  pull  over  a  short  range. 

297.  Operating  Voltages  for  Electromagnets. — In  ordinary 
practice,  110  or  220  volts,  direct-current,  is  used.  Lower  voltages 
can  be  used  but  higher  voltages  should  not  be.  The  counter 
e.m.f.  of  self-induction  (Art.  464)  induced  in  the  coil  of  a  magnet 
wound  for  a  voltage  in  excess  of  220  may  be  (at  the  instant  the 
circuit  feeding  it  is  opened)  considerable.     It  is  likely  to  be  so- 


Fio.  165. — Heavy  lifting  magnet  for  handling  bars,  pigs,  scrap  iron  and  similar 

materials. 


great  as  to  puncture  the  insulation  of  the  winding.  To  protect 
against  such  failures,  a  discharge  resistance  is  often  so  arranged 
that  it  is  connected  across  the  terminals  of  the  magnet  coil  as  the 
circuit  is  opened.  The  function  of  a  discharge  resistance  is  to 
afford  a  path  wherein  the  energy  of  self-induction  can  be  dissi- 
pated.   It  thereby  protects  the  magnet  coil. 

298.  To  Make  an  Electromagnet  Drop  Its  Load  Instantly,  a 
control  switch  is  sometimes  provided  whereby  a  Umited  reverse 
current  is  passed  through  the  winding.  This  neutralizes  the  effect 
of  residual  magnetism  and  causes  the  load  to  drop  instantly. 
Such  a  control  switch  may  have  three  positions:  Lift,  Release 
and  Off. 

299.  Considerations  Affecting  the  Design  of  a  Lifting  Magnet. 
— Where  a  magnet  is  to  be  designed  for  a  given  service  and  is  to 
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have  minimum  weight  and  to  involve  minimum  cost  the  following 
requirements  should  be  satisfied :  (1)  The  magnetic  circuit  should 
be  as  short  as  possible.  (2)  The  cross-sectional  area  of  the  mag- 
netic circuit  should  (except  at  the  joint)  be  as  nearly  uniform  as 
possible  and  should  be  as  great  as  possible.  (3)  The  iron  used 
in  the  magnetic  circuit  should  have  a  high  permeabiUty.  (4) 
The  flux  densities  should  be,  approximately,  those  outlined  in 
Art.  301. 

300.  The  Process  of  Designing  a  Lifting  Magnet  is  substan- 
tially as  follows.  (It  should  be  understood  that  it  is  impossible 
to  design  directly  a  lifting  magnet  to  satisfy  given  conditions. 
It  is  necessary  to  make  certain  assumptions  and  calculate  a  design 
on  this  assumed  basis.  Then,  if  the  tentative  design  does  not 
work  out  satisfactorily,  the  assumptions  are  revised  and  the  de- 
sign is  recalculated.  This  process  must  be  repeated  until  the 
desired  result  is  attained.) 

Process. — (1)  Assume  the  magnetic  densities,  in  accordance  with  the 
suggestions  of  Art.  301.  Remember  that  the  edges  of  the  pole  faces  may  be 
chamfered  off  to  increase  the  density  in  the  joint.  (2)  The  densities  that 
will  be  allowed  being  known,  the  areas  of  the  pole  faces  and  the  cross-sec- 
tional area  of  the  magnetic  circuit  can  be  determined.  (3)  Now  select  the 
overall  dimensions  of  the  magnet  allowing  ample  space  for  the  magnetizing 
coil.  Several  trials  will  probably  be  necessary  before  these  dimensions  can 
be  decided.  (4)  Calculate  the  coil  necessary  (Art.  281)  to  supply  the  am- 
pere-turns required  for  magnetizing  the  magnet.  If  this  coil  is  too  large  or 
too  small  for  the  winding  space  allowed  for  it,  the  entire  design  must  be  re- 
vised accordingly. 

301.  Flux  Densities  in  the  Magnetic  Circuits  of  Lifting  Elec- 
tromagnets (see  also  Art.  259). — For  the  reasons  hereinbefore 
outUned,  it  is  extremely  desirable  that  the  highest  flux  densities 
feasible  be  utiUzed  in  the  joints  between  the  magnet  pole  faces 
and  the  armatures.  It  is  practically  impossible  to  produce  a  flux 
density  greater  than  140,000  lines  per  sq.  in.  in  ordinary  steels. 
Frequently  a  density  of  110,000  lines  per  sq.  in.  at  the  joint  is 
taken  as  a  maximum  for  ordinary  steels  because  if  an  effort  is 
made  to  develop  a  density  much  greater,  the  reluctance  of  the 
magnetic  circuit  is  materially  increased  and  consequently  con- 
siderably more  copper  will  be  required  in  the  exciting  coil.  The 
preceding  data  in  this  article  relate  only  to  the  density  at  the 
joint. 

In  the  remainder  of  the  magnetic  circuit  reasonably  high  flux 
densities  should  be  used.    In  the  armature  and  magnet  cores, 
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provided  they  are  of  cast  steel,  wrought  iron  or  annealed  steel, 
a  density  of  about  100,000  lines  per  sq.  in.  may  represent  good 
practice.  In  cast-iron  portions  of  the  circuit,  a  density  of  about 
60,000  should  not  be  exceeded.  Usually  the  entire  magnetic 
circuit  is  of  wrought  iron,  cast  steel  or  annealed  sheet  iron. 
However,  cast-iron  armatures  are  sometimes  employed.  The 
principal  portion  of  the  magnetic  circuit  is  seldom  of  cast  iron 
because  this  material,  assuming  a  given  reluctance,  occupies 
much  more  space  than  do  the  others. 

302.  Examples  Illustrating  the  Methods  Used  in  Designing 
Lifting  Magnets  are  given  in  the  following  articles.  They  indi- 
cate the  general  principles  involved.  However,  each  problem 
has,  usually,  distinctive  features. 
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Fio.  166. — Examples  in  designing  lifting  magnets. 


Example. — ^What  will  be  the  lifting  power  of  an  electromagnet  9  in.  in 
diameter,  that  is,  what  weight  can  a  magnet  of  this  diameter  be  made  to 
support?  Assume  a  flux  density  of  140,000  lines  per  sq.  in.  at  the  joint  and 
a  density  of  100,000  lines  in  the  remainder  of  the  magnetic  circuit.  Solu- 
tion.— It  will  be  assumed  tentatively  that  the  magnetizing  coil  will  occupy 
a  crossHsection  of  1  in.  X  2  in.,  as  shown  in  Fig.  166,/.  This  coil  space 
A  must  be  so  located  in  the  magnet  frame  that  the  sum  of  the  sections  B 
and  Bf  outside  of  the  coil,  wiU  equal,  approximately,  section  C  inside  of  the 
coil.  The  same  number  of  lines  will  flow  through  the  ring  of  iron  outside  of 
the  coil  as  flows  through  the  cyliDder  of  iron  inside  of  the  coil.  The  diameters 
— determined  by  trial — vindicated  in  the  illustration  provide  areas  that  nearly 
satisfy  these  requirements.  The  area  of  the  flat  ring  B'B'B'B'  is  (0.7854 
[9  X  9  -  7.25  -  7.251)  22.2  sq.  in.  The  area  of  the  circle  C  is  (0.7854 
[5.25  X  5.25J)  21.65  sq.  in.  Therefore,  the  area  B'B'B'B'  is,  practically, 
equal  to  area  C 

^th  a  density  of  100,000  lines  per  sq.  in.,  the  total  flux  in  the  magnetic 
circuit  will  be:  100,000  X  21.65  sq.  in.  »  2,165,000  lines.  The  flux  density 
at  the  joints  is  to  be  140,000  lines.  Hence,  enough  of  the  pole  faces  must  be 
cut  away  that  the  area  which  remains  will  provide  a  density  of  140,000  lines 
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per  sq.  in.,  the  total  flux  being  2,165,000  lines.  By  proportion — 100,000 
lines  :  140,000  lines  :  :  a;  sq.  in.  :  21.65  sq.  in.  Then,  x  »  (21.65  X  100,000) 
■¥  140,000  »  15.5  sq.  in.  Each  of  the  pole  faces  shown  in  the  illustration 
has  this  area. 

From  Table  294,  the  pull  (with  a  density  of  140,000)  exerted  by  every 
square  inch  pole  area  is  272  lb.  Hence,  the  total  pull  that  the  magnet  can 
exert  is:  272  lb.  X  31  sq.  in.  =  8,430  lb. 

The  armature  should  be  sufficiently  thick  that  the  flux  density  in  it  will 
nowhere  exceed  100,000  lines  per  sq.  in.  The  area  of  maximum  density  in 
the  armature  of  this  problem  will  be  an  imaginary,  cylindrical  ring,  5H  in* 
in  diameter,  passing  through  the  armature  from  one  of  its  faces  to  the  other, 
as  E-E'.  The  area  of  this  cylindrical  surface,  through  which  the  flux  must 
pass,  will  equal:  the  circumference  of  a  53^-tn.  diameter  circle  X  the  thicknees 
of  the  armature.  The  circumference  of  a  5>^-in .-diameter  circle  is  16.5  in. 
Since  an  area  of  21.6  sq.  in.  is  required,  the  thickness  necessary  is,  therefore: 
21.6  sq.  in.  -^  16.5  in.  »  1.32  in.  or,  say,  l^a  in.  From  this  same  calcula- 
tion it  is  evident  that  the  thickness  D,  at  the  upper  part  of  the  magnet, 
should  also  be  l^a  ^-t  hut  a  thickness  of  Ij^  in.  is  adapted  to  allow  more 
space  for  the  eye  bolt. 

The  ampere-turns  necessary  to  produce  the  flux  required  and  the  amount 
and  size  of  the  wire  to  be  used  to  develop  these  ampere-turns  can  be  com- 
puted from  directions  given  in  Arts.  274  and  281.  Magnet  wire  with  a  non- 
combustible  insulation,  such  as  asbestos  or  a  similar  material,  can  be  used 
where  the  winding  space  is  restricted.  Wires  covered  with  such  materials 
can  withstand  very  high  temperatures  without  injury. 

Example. — How  many  amperes  will  be  required  to  so  excite  the  tractive 
magnet  of  Fig.  166,//,  that  it  will  lift  100  lb.?  Plunger  is  2  in.  in  diameter 
and  each  air  gap  is  1  in.  long.  Solution. — ^The  area  of  the  magnetic  circuit 
is:  2  in.  X  2  in.  X  0.7854  =  3.14  sq.  in.  A  total  load  of  100  lb.  is  to  be 
lifted.  Hence,  each  of  the  two  pole  faces  must  lift:  50  lb.  -i-  3.14  sq.  in.  = 
16  lb.  From  Table  294,  a  flux  density  of  about  33,000  lines  per  sq.  in.  is 
necessary  to  lift  a  load  of  16  lb.  per  sq.  in.  of  pole  face.  Total  flux  will, 
therefore,  be:  33,000  X  3.14  =  104,000  lines.  Ascertain  the  ampere-turns 
necessary  to  produce  this  flux.  Using  the  formula  of  Art.  254,  there  will 
be  required  to  drive  thie  flux  across  the  air  gaps: 

(„)  j^  ,  ±^J^  .  f^^^l  .  20.700  omMum,. 

To  drive  the  flux  through  the  remainder  of  the  magnetic  circuit,  which  is  of 

wrought  iron  and  has  a  cross-sectional  area  of  3.14  sq.  in.  and  a  length  of 

approximately  18  in.,  there  will  be  required  (see  Table  249  for  flux  density 

and  permeability  values) : 

TXT       *X^        104,000X18       ,,- 
(6)  /iV  =  -^  ^  =  g^lQQ  ^  3 ;j4  =  118  ampAurns, 

Then  the  total  number  of  ampere-turns  required  is:  20,700  +  118  =  20,818 
ampMums.  Note  that  practically  all  of  the  ampere-turns  are  required  to 
drive  the  flux  across  the  air  gap  and  that  comparatively  few  are  necessary 
for  the  magnetization  of  the  remainder  of  the  magnetic  circuit.  Now  assume 
that  each  coil  of  the  magnet  has  100  turns,  giving  a  total  of  200  turns,  then 
the  current  that  should  flow  in  order  that  the  weight  of  100  lb.  will  be  lifted 
is:  20,818  -5-  200  =  104  amp. 


SECTION  15 
HYSTERESIS 

303.  Hysteresis  is  that  quality  of  a  magnetic  substance 
(Art.  45)  whereby  energy  is  dissipated  on  the  reversal  of  its  mag- 
netism. It  may  also  be  defined  as  a  lagging  of  magnetization 
behind  the  force  that  produces  it. 

301.  Explanation  of  Hysteresis. — Refer  to  Fig.  44  delineating 
how  iron  filings  in  a  bottle  may  be  magnetized  with  a  permanent 
magnet  and  also  to  Fig.  43  which  indicates  the  generally  ac- 
cepted theory  of  magnetization.  Review  the  text  relating  to 
these  illustrations.  It  will  be  readily  conceived  that  work 
(Art.  158)  is  required  to  "line  up"  the  molecular  particles  in  a 
piece  of  iron  to  make  it  a  magnet.  This  is  true  whether  it  be- 
comes a  permanent  magnet  or  an  electromagnet.  It  is  also  obvi- 
ous that  work  will  be  required  to  shift  around  the  molecules  of 
a  magnet  if  it  is  desired  to  demagnetize  it.  Furthermore,  the 
expenditure  of  more  work  will  be  necessary  if  the  magnet  is  now 
remagnetized  in  the  other  direction,  that  is,  if  a  S  pole  is  now 
developed  at  the  end  that  was  formerly  a  N  pole.  That  this 
work  is  necessary  is  due  to  hysteresis.  Hysteresis  may  then  be 
thought  of  as  being  due  to  molecular  friction.  More  work  is 
necessary  to  reverse  the  magnetism  in  a  piece  of  hard  steel  than  is 
required  to  reverse  the  magnetism  of  a  soft-iron  piece  of  the  same 
dimensions.  The  amount  of  work  that  is  required  increases  as 
the  reluctance  of  the  material  increases. 

306.  Hysteresis  Loss  is  the  loss  of  power  (Art.  159)  due  to 
hysteresis  and  it  can  be  expressed  in  watts — or  in  kilowatts. 
In  any  case  hysteresis  loss  is  relatively  small.  .  It  is  of  no  material 
consequence  where  a  piece  of  iron  is  magnetized  and  demagnetized 
or  has  its  magnetism  reversed  infrequently.  However,  in  some 
electrical  apparatus  the  flux  in  a  magnetic  circuit  may  be  re- 
versed many  times  a  second  (see  following  examples)  and  then 
hysteresis  loss  becomes  of  consequence,  though  it  is  usually  very 
small  as  compared  with  the  output  of  the  apparatus.  This  power 
lost  by  hysteresis  or  molecular  friction  appears  as  heat  but  serves 
no  useful  purpose — it  is  a  dead  loss.  It  raises  the  temperature 
of  that,  portion  of  the  magnetic  circuit  in  which  the  reversal  of 
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magnetism  occurs.  In  constructing  magnetic  circuits  that  are 
subject  to  hysteresis  losses,  great  care  is  exercised  to  select  there- 
for grades  of  iron  that  develop  low  hysteresis  losses,  that  is,  that 
have  low  hysteresis  coefficients  or  constants  so  that  the  losses  in 
them  may  be  maintained  at  a  minimum. 

Example. — In  Fig.  167,/  and  //,  is  shown  a  cylinder  of  iron  rotating  in  a 
magnetic  field.  The  magnetism  in  the  cylinder  is  reversed  at  each  half 
revolution.  At  /  the  portion  of  the  cylinder  having  the  two  slots  cut  in  it 
has  a  S  pole  developed  in  it.  Now,  when  it  rotates  a  half  revolution  to 
position  //,  this  portion  becomes  a  N  pole.  Obviously,  if  this  iron  cylinder 
caused  to  rotate  rapidly  the  flux  in  it  will  reverse  very  frequently  and  the 
hysteresis  loss  in  it  will  be  considerable.  Armaturea  of  generators  and  motors 
rotate  in  magnetic  fields  under  conditions  similar  to  those  just  described. 


Direcffon  of  Flux- 


Iron"  _ 

MagfnetkCircufr  ofkon-' 

I-First  Position  ll-Second  Position 

Iron  Rotating  in  a  Magnetic  neW 


High-Tmsion 
.'Primary  WkieUng 


Low-Ttnsionf' 
SKonehrymK^ 


H-Trcmformer 
Fig.  167. — Illustrating  hysteresis  in  iron. 


Example. — The  elementary  magnetic  circuit  of  a  transformer  (Art.  821)  is 
shown  in  Fig.  167,///.  The  alternating  current  (Art.  828)  that  magnetizes 
the  core  of  a  transformer  changes  in  direction  many  times  a  second.  Con- 
sequently, the  flux  in  a  transformer  core  reverses  many  times  a  second. 
This  causes  a  hysteresis  loss.  The  highest  quality  iron  is  used  for  trans- 
former cores  so  that  the  hysteresis  loss  in  them  will  be  as  low  as  possible. 

306.  Approximate  Hysteretic  Constants  for  Different  Materials. 


No. 


Material 


Hsrsteretio 
constant 


•Relative 
value 


Best  annealed  transformer  sheet  steel  (sili-  ' 

con  steel) 0.001 

Thin  sheet  iron,  good  quality |  0.003 

Wrought  iron — ordinary  sheet  iron |  0.004 

Soft  annealed  cast  steel '  0.008 

Soft  machine  steel 0. 009 

Cast  steel 0.012 

Cast  iron 0.016 


0.25 
0.75 
1.00 
2.00 
2.25 
3.00 
4.00 


*The  values  in  this  column  indicate  how  much  greater  or  less  is  the 
hysteresis  loss  in  metals  as  compared  with  wrought  iron.  Wrought  iron  is 
taken  here  as  a  standard  because  the  values  of  Table  307  are  for  wrought 
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307.  Approximate  Hysteresis  Loss  in  Wrought  Iron. 

The  values  ate  necessarily  approximate  because  the  loss  varies 
with  the  quality  of  the  material.  The  tabulated  data  is  for  good 
commercial  soft  wrought  iron.  The  hysteresis  loss  in  irons  of 
other  grades  can  be  approximated  by  multiplying  the  result 
obtained  from  using  the  values  here  tabulated  by  the  quantity 
given  in  the  ** Relative  value^'  column  of  Table  306  for  the  grade  of 
iron  under  consideration. 


B 

1                                1 
Hysteresis  loss.       1 

B 

Hysteresis  loss. 

Flux  density, 

Flux  density, 

in  watts  wasted  per 

lines  per  sq.  in. 

cu.  in.  per  cycle       j , 

lines  per  sq.  in. 

ctt.  in.  per  cycle 

25,000 

0.00378 

75,000 

0.0187 

30,000 

0.00523 

80,000 

0.0202 

35,000 

0.00630 

85,000 

.  0.0224 

40,000 

0.00750 

90,000 

0.0241 

45,000 

0,00888 

95,000 

0.0268 

60,000 

0.0140 

100,000 

0.0294 

55,000 

0.0115 

105,000 

0.0318 

60,000 

0.0133 

110,000 

0.0370 

65.000 

0.0149 

115,000 

0.0458 

70,000 

0.0165 

120,000 

0.0535 

308.  Hysteresis  Loss  Is  Determined  by  Three  Factors:  (1) 

The  number  of  cycles  (Art.  681)  per  second,  that  is,  the  number 
of  times  the  magnetism  or  flux  is  reversed  in  a  second;  (2)  the 
maximum  density,  B,  of  the  flux  (Art.  246)  in  the  magnetic  mate- 
rial; and  (3)  the  quaUty,  that  is,  the  hardness  of  the  magnetic 
material. 

309.  Calculation  of  Hysteresis  Loss. — All  methods  are  more 
or  less  approximate  unless  detailed  information  relating  to  the 
properties  of  the  specimen  under  consideration  is  available.  The 
fundamental  formula  that  applies,  though  it  is  quite  simple,  can 
not  be  included  here  because  of  certain  mathematical  operations 
that  it  involves.  Approximate,  practical  calculations  can  be 
made  by  using  the  derived  formula  given  below  in  connection 
with  the  values  of  Tables  306  and  307.  Expressing  the  factors 
of  Art.  308  in  a  working  formula : 

(92)  Ph  ^  VXV  Xv  (watts) 

(Note  that  the  above  formula  as  here  given  appUes  only  to 
wrought  iron.    For  the  method  of  computing  the  loss  in  other 
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kinds  of  iron,  see  the  following  example.)  Wherein  Pa  «  the 
total  hysteresis  loss,  in  watts,  p  «  the  watts  hysteresis  loss, 
per  cubic  inch  per  cycle,  as  taken  from  Table  307.  V  =  the 
volume  of  the  iron,  in  cubic  inches,  i;  =  the  number  of  cycles, 
I>er  second,  or  twice  the  number  of  magnetic  reversals,  per  second. 

Example. — What  will  be  the  hysteresis  loss  in  the  iron  cylinder  of  Fig.  167,/ 
if  it  has  a  volume  of  300  cu.  in.  and  is  turning  at  a  speed  of  1,000  r.p.m.  in  a 
field  having  a  density  of  60,000  lines  per  sq.  in.?  Solution. — In  a  two-pole 
generator,  one  revolution  is  equivalent  to  1  cycle  or  to  2  reversals  of  magnet- 
ism. Hence,  with  the  generator  indicated  in  the  illustration,  1  revolution 
is  equivalent  to  1  cycle.  Now,  from  Table  307,  the  hysteresis  loss  in  1  cu.  in. 
of  wrought  iron,  with  a  flux  density  of  50,000  lines  is  0.014  watt  per  cycle. 
Then,  substituting  in  the  above  formula  (92)  :P^=»pXVXi?=  0.014 
X  300  X  1,000  =  4,200  loaUs  =  4.2  kw. 

Example. — If  the  cylinder  of  the  above  example  were  of  best  annealed 
transformer  steel,  what  would  the  hysteresis  loss  in  it  then  be?  Solution. — 
From  the  column  ''Relative  value''  of  Table  306,  this  best  annealed  steel 
shows  a  loss  of  0.25  of  that  in  wrought  iron.  Hence:  4,200  watts  X  0.25 
=  1,050  waits.  Then,  1,050  watts,  1.05  kw.,  would  be  the  loss  were  the 
cylinder  made  of  best  annealed  steel. 

ExAMPLB. — What  would  be  the  hysteresis  loss  in  a  block  of  wrought  iron 
of  100  cu.  in.  if  it  were  excited  to  a  maximum  flux  density  of  30,000  lines  per 
sq.  in.  with  a  60-cycle  alternating  current?  Solution. — With  this  flux 
density,  from  Table  307,  the  loss  per  cubic  inch  per  cycle  would  be  0.0052 
watt,  then  substituting  in  formula  (92)  :Pj/=pXVXij-  0.0052  X 
100  X  60  »  31.20  watts. 


14 


SECTION  16 

CONTACT  ELECTROMOTIVE  FORCES 

310.  How  Electrical  Energy  May  Be  Developed  Through  the 
Contact  of  Dissunilar  Substances. — There  always  exists  between 
dissimilar  substances  in  contact  a  voltage  or  difference  of  poten- 
tial (Art.  96).  But  as  outlined  in  Art.  316,  if  the  dissimilar  sub- 
stances are  arranged  in  a  closed  circuit  to  provide  a  path  for  a 
current,  the  voltages  due  to  the  contacts  of  the  dissimilar  sub- 
stances will,  under  ordinary  conditions,  neutralize.  The  result- 
ant e.m.f .  will  be  zero.  Hence,  no  current  can  flow.  Therefore 
(Art.  181),  no  energy  can  be  generated.  However,  if  external 
energy  be  properly  imparted  to  the  dissimilar  substances  in  con- 
tact the  neutralization  of  the  e.m.fs.  will  be  deranged.  An  e.m.f. 
will  then  establish  which  will  force  current  around  the  circuit. 
When  the  current  flows  energy  will  be  developed  (Art.  181). 

'  Thus,  this  phenomenon  is  merely  an  example  of  the  general 
principle  outlined  in  Art.  179,  that  the  "generation  of  electrical 
energy"  really  means  the  transformation  of  some  other  kind  of 
energy  into  electrical  energy. 

311.  The  Amount  of  Energy  that  Can  Be  Developed  Through 
the  Contact  of  Dissimilar  Substances  Is  Relatively  Very  Small. — 
The  voltages  developed  are  small  (Table  315)  and  the  currents 
are  small.  The  method  has  no  important  commercial  applications 
except  for  temperature  measuring  apparatus. 

Note. — The  e.m.f.  of  contact  between  metals  and  electrolytes  is  rela- 
tively large  and  advantage  is  taken  of  this  fact  by  generating  electrical 
energy  by  chemical  action.    See  Art.  326. 

312.  In  Generating  Electrical  Energy  by  Contact  of  Dissimilar 
Substances,  the  External  Energy  Imparted  Is  Usually  Heat 
Energy. — Therefore,  although,  theoretically,  energy  might  be 
generated  by  imparting  heat  at  the  point  of  contact  of  any  two 
dissimilar  substances,  only  dissimilar  metals  are  ordinarily  em- 
ployed. Most  other  substances  are  either  mechanically  unsuit- 
able or  they  can  not  withstand  heat  without  damage. 

313.  Generation  of  E.m.f.  by  Contact  of  Unlike  Substances. — 
It  can  be  shown  experimentally  that  when  any  two  unUke  sub- 
stances are  placed  in  contact  there  exists  between  them  a  differ- 
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ence  of  potential  or  voltage.  Ordinarily,  this  voltage  is  very 
small  except  in  the  case  of  electrolytes  in  contact  with  metals. 
See  Art.  358  under  "Primary  Cells."  The  value  of  this  e.m.f. 
is  in  any  specific  case  determined  by:  (1)  The  substances;  (2)  the 
character  of  the  contact  surfaces;  (3)  the  medium  in  which  the  con- 
tact  occurs;  (4)  the  conditions  existing  in  the  medium. 

Note. — The  Electron  Theory  Explanation  op  Contact  Electro- 
MOTIVE  Forces  is  This: — Certain  substances  possess  the  property  of  readily 
giving  up  electrons  to  other  substances  when  the  two  different  substances 
are  placed  in  contact.  Thus,  it  has  been  demonstrated  experimentally 
that  zinc  readily  parts  with  electrons  to  copper,  when  the  two  metals  are 
placed  in  contact.  The  consequence  is  that  when  two  dissimilar  substances 
are  in  contact,  one  acquires  an  excess  of  electrons  and  the  other  a  deficit. 
Hence,  one  substance  (the  one  which  loses  electrons)  becomes  positively 
electrified  and  the  other  (the  one  which  gains  electrons)  becomes  negatively 
electrified — a  difference  of  potential  or  a  voltage  is  thereby  established 
between  them. 

For  example,  when  (in  air)  a  piece  of 
zinc  is  placed  in  contact  with  a  piece  of 
copper,  electrons  pass  from  the  zinc  to 
the  copper.  The  flow  of  electrons  con- 
tinues until  the  number  of  electrons,  lost 
by  the  zinc  and  gained  by  the  copper,  is 
such  that  the  voltage  between  the  zinc 
and  copper  is  just  equal  to  the  contact 
difference  of  potential  (which  has  been 
determined  by  experiment.  Table  315) 
which  alwa^^s  exists  between  zinc  and 
copper.  It  does  not  appear  to  be  definitely  known  just  why  some  sub- 
stances part  readily  with  their  electrons  to  others.  In  other  words,  we  do 
not  know  why  the  atoms  of  some  materials  hold  their  electrons  more  firmly 
than  do  those  of  other  materials. 

314.  Table  316  Shows  Values  of  E.m.f .  Developed  by  Contact 
of  Metals  at  ordinary  temperatures.  The  order  in  which  the 
names  of  the  metals  are  arranged  in  the  table  indicates  their 
relative  abiUties  to  develop  e.m.fs.  by  contact.  The  greater  the 
separation  of  any  two  metal  names  in  the  table,  the  greater  will 
be  the  e.m.f.  developed  by  the  contact  of  the  two  metals.  When 
two  of  the  metals  are  in  contact,  the  one  the  name  of  which  ap- 
pears first  in  the  table  will  be  positive  (+),  as  related  to  the 
other  which  will  be  negative  (— ).  The  direction  of  the  e.m.f. 
developed  will  be  from  +  to  — .  The  values  and  relations  of  the 
table  were  determined  by  experiment  and  calculation. 

Example. — If  at  ordinary  temperatures  a  piece  of  copper  is  placed  in  con- 
tact with  a  piece  of  zinc  (Fig.  168)  there  will  be  between  them,  from  Table 


Direction  of  EMF.-' 

Fio.  168. — Showing  contact  e.m.f. 
developed  between  copper  and  zinc. 
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315,  a  difference  of  potential  or  an  e.m.f .  of  0.00041  volt.  Furthermore,  the 
copper,  since  it  precedes  zinc  in  the  columns  of  Table  315,  will  be  positive 
and  the  zinc  will  be  negative.  That  is,  the  direction  of  the  e.m.f.  will  be 
from  the  copper  toward  the  zinc. 

316.  Contact  E.m.fs.  Between  Metals,  in  Volts. — The  values 
given  are  the  e.m.fs.  developed  between  the  diflferent  metals 
in  contact  at  ordinary  temperatures.  As  the  temperature  at  the 
location  of  the  contact  increases,  that  is,  as  heat  energy  is  im- 
parted, the  contact  e.m.f.  is  increased;  see  Sec.  318.  The  values 
in  the  table  are  approximate.  Diflferent  values  are  given  by 
diflferent  authorities. 
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00195;0. 
00161j0, 
001540. 
0012910. 
I 


025240. 
0093310. 
00536  0. 
00416'o. 


00382 
00375 
00350 


02793 
01203 
00806 
00686! 
00652 
00645 
00620 


00050  0.00091  0.00122,0.00343  0 
00297,0 


000040 

0     lo 

00041' 
00072,0 
OO293I0 
0056310 


00045 
00041 
0 

00031 
00252 
00522 


I 


0007610 
00072;0 
000310 

0     lo 

00221, 
0049110 


00613 
005671 
00293,0.00563; 
00522 
00491' 
00270 
0    ' 


00252 '0.1 

002210.1 

0   ,0.1 


00270! 


I 


316.  The  Resultant  E.m.f .  of  Metals  All  at  the  Same  Tempera- 
ture and  Changed  into  a  Closed  Circuit  Is  Zero  (0). — As  in  Fig. 
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169,  J,  the  various  e.m.fs.  (from  Table  216)  at  all  of  the  dififerent 
points  of  contact  will  always  just  neutralize  one  another  and  the 
resultant  e.m.f.  around  the  entire  circuit  will  be  zero  (0),  as  indi- 
cated in  the  illustration.  Hence,  there  will  be  no  tendency 
toward  the  production  of  a  current  around  the  circuit.  That  is, 
no  electrical  energy  can  be  generated  by  the  mere  contact  of 
metals.  Only  e.m.fs.  are  generated  by  contact  and,  as  shown, 
these  ordinarily  neutralize  or  cancel  one  another  and  are,  there- 
fore, practically  ineffective.  The  foregoing  statements  in  this 
paragraph  are  true  only  if  energy  from  some  external  source  is 
not  imparted  to  the  metals  in  contact.  Where  energy,  heat  for 
example,  from  an  external  source  is  imparted  to  a  junction  or 
junctions  between  dissimilar  metals  there  will  be  a  flow  of  cur- 
rent— ^hence  the  generation  of  electrical  energy.  How  it  is  that 
this  occurs  will  be  shown  in  articles  that  follow. 


1- Electromotive  Forces 
of  Metals  in  Corrtact 
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Canelk 
B-Thermocouple  Heated 


Fio.  169  — Illustrating  generation  of  electrical  energy  by  contact. 

317.  Performance  of  Metals  in  Contact  When  a  Junction 
Between  Two  of  Them  Is  Heated. — Consider  Fig.  169,//.  A 
piece  of  copper  and  one  of  zinc  in  contact  and  having  their  outer 
ends  joined  by  a  piece  of  iron  wire  comprise  a  closed  circuit. 
Copper,  zinc  and  iron  are  assumed  to  all  be  at  the  same  tempera- 
"ture.  An  e.m.f.  is  developed  at  each  of  the  points  of  junction 
between  the  dissimilar  metals,  as  shown.  The  e.m.f.  values  are 
from  Table  315.  However,  the  resultant  e.m.f.  around  the  en- 
tire circuit  is  zero.  There  is  a  total  e.m.f.  of  0.00293  volt  in  a 
clockwise  direction  around  the  circuit.  But  there  is  also  an 
e.m.f.  of  0.00293  volt  in  a  counterclockwise  direction.  There- 
fore, these  e.m.fs.  neutralize  one  another  and  there  is  no  tendency 
to  produce  a  current. 

Note. — ^Using  the  voltage  values  of  Table  315,  the  e.m.fs.  around  a  circuit 
of  metals  in  contact  may  not  exactly  cancel.    This  is  because  the  values  of 


214  PRACTICAL  ELECTRICITY  [Art.  318 

the  table  are  not  earned  out  to  a  sufficieDt  number  of  deoimal  plaoes.  Were 
they  carried  out  to  say  six  decimal  plaoes,  the  resultant  e.m.f.  of  contact, 
around  a  closed  circuit,  derived  by  using  them  would  be  zero  (0)  in  every 
instance. 

It  can  be  shown  experimentally  that,  if  the  junction  of  two  dissimilar 
metals  is  heated,  the  contact  e.m.f.  at  that  junction  is  increased.  Then, 
provided  the  remainder  of  the  circuit  is  at  a  lower  temperature  than  the 
heated  junction,  the  contact  e.m.fs.  around  the  circuit  no  longer  neutralize. 
Thus,  if  the  junction  of  the  copper  and  zinc  is  heated  as  at  ///,  its  contact 
e.m.f.  IS  now  greater  than  its  contact  e.m.f.  at  ordinary  temperatures. 
Thereby  a  current  is  forced  around  the  circuit.  Another  way  of  stating  the 
same  fact  is:  when  the  junction  of  two  dissimilar  metals  is  heated,  as  at 
///,  an  e.m.f.  in  addition  to  that  of  ordinary  contact  will  be  developed.  This 
additional  e.m.f.  will  force  current  around  the  circuit. 

In  ///  it  has  been  assumed  that  the  additional  e.m.f .  due  to  the  heating  of 
the  junction  is  0.00050  volt.  This  gives  an  e.m.f.  of  0.00091  volt  across  the 
junction  of  the  copper  and  the  zinc.  The  current  which  flows  around  the 
circuit  is  due  to  this  additional  e.m.f.  of  0.00060  volt.  Obviously  the  cur^ 
rent  will  be  small. 

318.  The  Value  of  the  E.m.f.  Developed  Across  the  Junction 
of  Dissimilar  Metals  by  Heating  Them  is  proportional  to  the 
diflference  between  the  temperature  of  the  junction  and  the  tem- 
perature of  the  remainder  of  the  circuit.  A  considerable  differ- 
ence in  temperature  is  necessary  to  produce  an  appreciable  effect- 
ive e.m.f.  The  e.m.f.  value  given  in  connection  with  Fig. 
169,7JJ,  could  not,  probably,  be  obtained  in  practice  with  the 
apparatus  shown.  If  the  temperature  of  the  junction  between 
dissimilar  metals  is  decreased  below  that  of  the  remainder  of  the 
circuit,  an  e.m.f.  is  also  produced  but  it  is  in  the  opposite  direction 
to  that  developed  when  the  junction  is  heated. 

319.  If  External  Energy  is  Imparted  to  Disshmlar  Metals  in 
Contact  in  a  Closed  Circuit,  Electrical  Energy  Is  Developed. — 
The  energy  imparted  may  be  chemical  energy  as  explained  under 
"cells"  in  succeeding  articles  or  it  may  be  heat  energy  as  sug- 
gested in  the  preceding  article.  As  outlined  in  Art.  317,  the  mere 
contact  of  the  zinc  and  the  copper  in  Fig.  169,//  did  not  develop 
energy.  However,  when  energy — ^heat — was  imparted  from  an 
external  source  an  e.m.f.  was  developed  which  forced  a  current 
through  the  circuit.  That  is,  by  the  appUcation  of  heat  energy, 
electrical  energy  was  developed.  What  actually  occurred  was 
that  some  of  the  heat  energy  from  the  candle  was  transformed 
into  electrical  energy  through  this  peculiar  contact  action  of 
metals. 
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320.  A  Thennoelectromotive  Force  is  one  developed  by  the 
application  of  heat  to  the  junction  of  dissimilar  metals  as  de- 
scribed in  preceding  articles.  Thermoelectric  currents  are  the 
currents  forced  through  circuits  by  these  forces. 

321.  A  Thermo-couple  or  Thermo-electric  Couple  consists 
(Figs.  169,//,  170)  of  two  pieces  of  dissimilar  metals.  They  are 
joined  together  or  are  in  contact  at  one  end  while  the  other 
ends  are  electrically  connected  together  by  a  conductor  which 
completes  an  electrical  circuit.  When  the  joined  ends  are  heated, 
an  e.m.f .  is  developed  as  hereinbefore  described,  which  forces  a 
cmrent  through  the  conductor. 

322.  A  Thermo-electric  Pile  or  Thermo-pile  consists  of  a 
series  (Fig.  170)  of  thermo-couples 
so  joined  in  series  as  to  form  a 
battery.  The  e.m.fs.  generated  by 
all  of  these  couples  in  series  are 
added  to  one  another.  Conse- 
quently, if  a  sufficient  number  of 
couples  is  grouped,  a  considerable 
voltage  and  current  may  be  thus 
developed.  Thermo-piles  have 
never  been  applied  successfully  for 
the  commercial  generation  of  elec- 
tricity, largely  because  it  appears 
impossible  to  construct  an  arrange- 
ment of  dissimilar  metals  that  can 
continuously  and  successfully  with- 
stand the  high  temperatures  and 
the  differences  in  temperature  upon  which  a  thermo-pile  must 
depend  for  its  operation. 

323.  A  Bolometer,  Thermo-bolometer  or  Pyrometer  is  an 
arrangement,  utiUzing  the  principle  of  the  thermo-couple,  for 
measuring  temperatures.  This  device  represents  the  most 
important  appUcation  of  thermo-electricity.  The  value  of  the 
e.m.f .  developed  by  a  thermo-couple  depends  upon  the  difference 
between  the  temperature  of  the  joint  of  the  thermo-electric 
couple  and  the  temperature  of  the  remainder  of  the  circuit.  It 
follows  that,  if  the  remainder  of  the  circuit  is  maintained  at  a 
constant  temperature,  the  current  forced  through  the  circuit 
due  to  thermo-electric  action-will  depend  on  the  temperature  of 
the  thermo-couple  joint. 


Fig.    170. — Illustrating  the  prin- 
ciple of  the  thermo-pile. 


21G  PRACTICAL  ELECTRICITY  [Art.  324 

If  this  current  flows  through  an  ammeter  or  galvanometer,  the 
reading  of  the  instrument  will  be  proportional  to  the  temperature 
at  the  joint.  The  instrument  can  be  so  calibrated  that  it  will 
show  directly  the  temperature  of  the  joint.  The  joint  can  be 
arranged  in  any  location — such  as  in  a  furnace  or  a  pot  of  molten 
metal — the  temperature  at  which  it  is  desired  to  know.  The 
registering  instrument  can  be  connected  to  the  joint  by  conductors 
and  can  be  mounted  at  any  convenient  point.  Very  high  or  very 
low  temperatures  can  be  measured  and  the  instrument  can  be 
constructed  so  sensitively  that,  with  a  bismuth-antimony  thermo- 
couple, a  change  in  temperature  of  one-millionth  of  a  degree  can 
be  readily  measured.  Platinum-rhodium  thermo-couples  are 
used  for  measuring  high  temperatures. 

324.  Peltier  Effect. — It  was  discovered  by  Peltier  that  if  a 
current  is  passed  through  a  joint  between  dissimilar  metals,  it 
will  heat  the  joint  if  it  passes  from  positive  to  negative  and  that 
it  will  cool  the  joint  if  it  flows  in  the  opposite  direction.  This 
phenomena  is  Peltier  effect.  Do  not  confuse  this  with  J*i2-loss 
heating  effect  which  is  an  entirely  different  thing.  Peltier  effect 
and  PR  loss  may  occur  in  the  same  joint.  Under  ordinary  condi- 
tions Peltier  effect  is  inconsequential. 

326.  Thompson  Effect. — Sir  William  Thompson  discovered 
that  if  one  portion  of  a  conductor  of  pure  metal  had  a  temperature 
higher  than  another  portion,  an  e.m.f.  would  be  developed  between 
these  points.  This  phenomena  is  called  Thompson  effect.  It 
is  inconsequential  for  all  ordinary  conditions  and  is  of  theoretical 
interest  only. 
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326.  How  Electrical  Energy  Is  Generated  by  Chemical 
Action  will  be  explained  in  some  detail  in  the  sections  that 
follow.  Briefly:  An  e.m.f.  exists  between  a  metal  immersed  in 
a  chemical  solution  and  the  solution  itself  as  outlined  in  Art.  328. 
If  a  circuit  is  provided,  this  e.m.f.  will  force  current  through  the 
circuit  and  thus  generate  electrical  energy.  But  as  the  current 
flows,  the  metal  and  the  chemical  solution  are  consumed — the 
chemical  energy  latent  in  them  is  transformed  into  electrical 
energy.  Therefore,  when  the  term  "generation  of  electrical 
energy  by  chemical  action"  is  used,  the  real  meaning  is  that 
chemical  energy  is  transformed  into  electrical  energy. 

327.  Generation  of  Electrical  Energy  by  Chemical  Action  Is 
Really  a  Specific  Case  of  Generation  by  Contact  of  Dissimilar 
Substances. — ^As  noted  in  Art.  310,  when  any  two  dissimilar 
substances  are  in  contact  an  e.m.f.  develops  between  them. 
Thus,  an  e.m.f.  develops  (Art.  328)  between  a  metal  and  a 
chemical  solution — dissimilar  substances — ^when  they  are  in 
contact.  This  e.m.f.  will  force  current  through  a  properly  ar- 
ranged circuit  and  thereby  energy  will  be  generated. 

328.  E.m.f.  of  Contact  Between  Metals  and  Liquids. — It  can 
be  demonstrated  experimentally  that  there  is  always  a  diflference 
of  potential  or  an  e.m.f.  between  metals  and  liquids  in  which 
they  may  be  immersed.  Even  if  two  pieces  of  dissimilar  metals 
have  their  lower  ends  immersed  in  water,  it  can  be  shown  with 
deUcate  instruments  that  there  exists  between  them  a  diflference 
of  potential.  Obviously  this  follows  from  the  information 
of  Art.  313  (e.m.fs.  of  contact  of  metals  in  air)  because  the  im- 
mersed metals  are  really  in  contact  through  the  water.  But 
experience  shows  that  if  the  lower  ends  of  two  dissimilar 
metals  (Fig.  171,//)  are  immersed  in  some  chemical  solution  that 
combines  actively  with  or  attacks  one  of  the  metals,  the  diflference 
of  potential  produced  will  be  materially  greater.  Contact  e.m.fs. 
between  metals  and  the  Uquids  that  attack  them  are  much  greater 
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than  the  contact  e.m.fs.  between  dissimilar  metals  or  between 
metals  and  liquids  which  do  not  act  chemically  on  the  metals. 
Hence,  practically  all  of  the  e.m.f.  developed  by  a  voltaic  cell 
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FiQ.  171. — The  olements  oOhe'voltaic  or  primary  cell. 

is  generated  at  the  area  of  contact  between  the  electrolyte  (Art. 
335)  and  the  positive  electrode  or  anode  (Art.  334). 

329.  Values  of  Contact  E.mis.  of 
Metals  Immersed  in  Liquids. — 
Whenever  a  piece  of  some  pure  metal 
is  immersed  in  an  acid  or  alkaline 
solution  of  some  certain  chemical  of 
a  given  strength  and  at  a  given  tem- 
perature, a  contact  e.m.f.  of  a  certain 
definite  value  will  be  developed. 
With  this  particular  metal  and  solu- 
tion and  under  these  given  condi- 
tions, the  contact  e.m.f.  will  be  always 
the  same.  However,  it  changes  with 
the  kind  of  solution,  the  strength  of 
the  solution,  the  temperature  of  the 
2^^^^^gy  solution  and  the  temperature  of  the 
metal.  Hence,  it  is  impracticable  to 
tabulate  here  the  contact  e.m.fs.  be- 
tween metals  and  liquids.  Tabula- 
tions for  certain  special  cases,  similar 
to  that  of  Table  346,  may  be  found  in  most  of  the  more  com- 
plete electrical  engineering  handbooks. 

330.  A  Primary  Cell,  sometimes  called  a  voltaic  cell  (Fig.  172) 
comprises  a  combination  of  two  different  conducting  materials 
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172. — Names  of  components 
of  simple  voltaic  cell. 
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immersed  in  a  liquid  or  electrol3rte  (Art.  335)  which  acts  chemic- 
ally on  one  of  the  materials  more  readily  than  it  does  on  the 
other  material.  (The  term  ^'voltaic  cell*'  should  be  used  only  to 
designate  a  cell  using  zinc,  popper  and  sulphuric  acid  as  shown  in 
Table  358.)  The  materials  must  not  touch  one  another  in  the 
electrolyte.  Through  the  chemical  action  of  the  electrolyte  on 
one  of  the  materials  or  electrodes  (Art.  334)  an  e.m.f.  is  main- 
tained and  an  electric  current  can  thereby  be  forced  through  an 
external  circuit.  The  anode  (zinc)  and  the  electrolyte  are  con- 
sumed or  used  up  in  producing  current.  Usually,  they  can  be 
replaced  when  they  are  exhausted — and  then  the  cell  is  as  good, 
as  new. 

331.  A  Secondary  Cell  is  a  storage  battery  or  accumulator 
as  described  at  some  length,  commencing  with  Art.  367,  in  a 
different  section  of  this  book. 

332.  The  Real  Distinction  Between  a  Primary  Cell  and  a 
Secondary  Cell  is:  Jn  a  primary  ceU,  the  anode  (zinc)  and  the 
electrolyte  are  of  such  materials  that  electrolyte  will  act  chemi- 
cally on  the  anode  when  the  external  circuit  is  closed  and  thereby 
a  current  is  forced  through  the  external  circuit.  In  a  secondary 
cell,  the  electrodes  and  electrolyte  are  of  such  materials  that 
there  can  be  no  chemical  action  between  them  until  after  current 
has  first  been  forced  through  them. 

333.  The  Distinction  Between  a  Cell  and  a  Battery  is  that  the 
word  "cell"  denotes  one  unit  or  combination  of  materials  for 
transforming  chemical  energy  into  electrical  energy.  A  "bat- 
tery" is  a  combination  of  cells. 

Example. — Two  or  more  cells,  so  connected  that  they  act  in  conjunction, 
constitute  a  battery.  Broadly,  a  battery  is  any  apparatus  in  which  similar 
units  are  assemble  to  serve  a  common  end;  for  example:  "A  battery  of 
boilers,"  "a  battery  of  artillery."  Some  writers  use  the  words  "battery" 
and  "cell"  interchangeably,  but  the  practice  is  an  incorrect  one. 

334.  The  Names  of  the  Components  of  a  Primary  Cell  are 
shown  in  Fig.  172.  The  terminal  or  pole  from  which  the  current 
flows  through  the  external  circuit,  and  therefore  the  one  of  higher 
potential,  is  called  the  positive  pole  or  terminal.  The  other  pole, 
that  of  the  lower  potential,  is  the  negative  pole  or  terminal.  The 
plate  from  which  the  current  flows  through  the  external  circuit 
is  called  the  negative  plate,  negative  electrode  or  cattiode,  because 
the  current  flows  to  it  through  the  electrolyte.    The  other  plate. 
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that  of  which  the  negative  pole  is  a  part,  is  the  positive  plate, 
positive  electrode  or  anode.  Note  that  current  flows  from  the 
positive  pole  to  the  negative  pole  through  the  external  circuit 
and  from  the  positive  plate  (by  virtue  of  the  movement  of  ions, 
Art.  36A)  to  the  negative  plate  through  the  electrolyte. 

For  Example. — In  a  ziDO-carbon  cell,  the  carbon  is  the  positive  pole  and 
the  negative  plate  but  tbe  zinc  is  the  negative  pole  and  the  positive  plate. 

Note.* — The  cathode  is  the  name  given  to  the  negative  or  "leading-out" 
electrode.  The  "leading-in"  electrode  is  called  the  anode.  Some  people 
find  it  difficult  to  remember  which  electrode  is  the  anode  and  which  the 
cathode.  But  if  one  thinks  of  the  electric  current  (Art.  36C)  entering  and 
leaving,  the  words  come  in  their  alphabetical  order,  "a"  before  "c" — ^anode 
leading  in,  cathode  leading  out. 

336.  The  Electrolyte  in  a  Primary  Cell  is  the  exciting  Uquid. 
.  (The  term  electrolyte  has  another  specific  meaning  as  outlined 
in  Art.  382.)  This  Uquid,  ordinarily  an  acid  or  alkaline  solution, 
acts  chemically  on  one  of  the  metal  plates  of  the  cell — ^usually 
the  zinc — and  consumes  it.  It  thereby  maintains  an  e.m.f.  and 
thus  converts  chemical  energy  into  electrical  energy. 

336.  The  Function  of  a  Prunary  Cell  (sometimes  called  a  bat- 
tery) is  to  convert  chemical  energy  directly  into  electrical  energy. 
This  it  does  by  maintaining  an  e.m.f .  across  its  terminals.  This 
e.m.f.  forces  a  current  through  the  external  circuit  and  thereby 
electrical  energy  is  developed.  In  creating  this  electrical  energy 
one  of  the  metals  of  the  battery  is  consumed,  usually  the  zinc. 
A  cell  may,  then,  be  considered  as  a  sort  of  chemical  furnace  for 
generating  electrical  energy. 

337.  The  Functions  of  the  Components  of  a  Primary  Cell. — 
The  complete  cell  constitutes  a  chemical  furnace  in  which  chem- 
ical energy  is  transformed  into  electrical  energy  (see  Fig.  172). 
The  anode  (Art.  334),  usually  zinc,  is  the  fuel  which  is  consumed 
by  the  action  of  the  electrolyte  (Art.  335)  in  maintaining  the 
e.m.f.  which  drives  the  current  through  the  external  circuit.  The 
electrolyte  promotes  and  makes  possible  the  chemical  action,  that 
is,  the  "burning  up''  of  the  zinc.  The  cathode  (Art.  334),  often 
copper  or  carbon,  usually  acts  merely  as  a  collector  for  the  ions 
and  in  most  cases  is  in  no  way  involved  in  the  chemical  action  in 
the  cell. 

338.  The  Seat  of  Energy  Development  in  a  Cell  is,  in  most 
cases,  at  the  surface  of  the  anode  (Art.  334)  or  zinc,  where  the 

•  Charles  R.  Gibeox,  Scxbntific  Idbaii  of  Tod  at,  Seeley,  Service  &  Co.,  London. 
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electrolyte  combines  chemically  with  the  metal  of  the  anode.    It 
is  here  that  the  chemical  action  maintains  the  e.m.f . 

339.  The  Symbol  for  a  Cell  is  shown  in  Fig.  173.  A  long  thin 
line  represents  the  negative  plate  and  positive  pole  while  a  short 
thick  line  represents  the  positive  plate  and  negative  pole.  Fig. 
172  and  the  accompanying  text  explain  the  names  of  the  different 
parts  of  a  primary  cell. 

340.  What  Determines  the  Voltage  of  a  Cell. — Since  the  volt- 
age of  a  cell  depends  on  the  contact  e.m.f.  between  the  solution 
or  electrolyte  (Art.  328)  and  the  metals  immersed  in  the  electro- 
lyte, for  a  given  combination  of  metals  and  electrolyte  the  e.m.f. 
or  voltage  is  always  the  same.  Table  358  shows  the  voltages 
developed  by  the  more  important  combinations  of  metals  and 
electrolytes.  The  size  of  a  cell,  the  volume  or  extent  of  surface 
of  the  metal  plates  or  their  distance  apart  have  no  effect  one  way 
or  the  other  on  the  voltage  of  a 

cell.    But  these  things  do  affect  (^-V^\A/^^ 

the  internal  resistance  (Art.  351) 

of  a  cell,  hence  they  determine  in 

a  measure  the  current  that  the  cell 

can  drive  through  a  circuit.    Hence, 

these  things  also  determine,  to  an 

extent,   the   amount  of   effective 

energy  that  a  cell  is  capable  of 

developing.     The  materiah  of  the         *' 

plates  and  the  character  of  the  electro-      /wMy/w»- 

lyte,  and  these  things  only,  determine   J'^^J^!^^         ^,  , 

.f    '     .  ,         „  Fio.  173.— The  symbol  for  a  cell. 

the  voUage  of  a  cell, 

341.  Maintenance  of  Difference  of  Potential  orE.mi.  Between 
the  Plates  of  a  Cell. — There  is  normally  a  difference  of  potential 
between  the  plates  or  electrodes  of  a  primary  cell,  which  tends 
to  force  current  through  the  external  circuit  if  one  is  provided. 
However,  if  current  is  to  be  continuously  forced  through  the  ex- 
ternal circuit,  this  difference  of  potential  or  e.m.f .  must  be  main- 
tained and  the  anode  or  zinc  plate  of  the  cell  will  be  "  burned  up  " 
in  maintaining  it  as  suggested  in  337.  What  a  primary  cell  does 
then  is  to  carry  the  ions  across  between  the  two  electrodes  in  the 
cell  and  to  force  electrons  or  particles  of  electricity  to  move 
around  through  the  external  circuit. 

342.  Chemical  Action  in  Primary  Cells.— It  is  beyond  the 
scope  of  this  book  to  discuss  in  detail  the  chemical  reactions  that 


"Exttrnat  Circuit'..,^ 
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occur  in  the  cells  of  the  various  types.  As  a  general  proposition, 
it  may  be  stated  that  whenever  there  is  chemical  action  there  is 
electrical  activity.  This  statement  applies  to  all  other  chemical 
actions  as  well  as  to  those  in  electric  primary  cells.  In  a  perfect 
primary  cell  there  would  be  no  chemical  action  until  the  exter- 
nal circuit  were  completed,  that  is,  until  current  flowed.  How- 
ever, commercial  cells  are  not  perfect,  hence  there  is  usually  some 
chemical  action  in  them  even  when  the  circuit  is  not  completed. 
See  347,  "Local  Action.'' 

Note. — ^When  the  external  circuit  of  a  cell  is  completed,  the  e.m.f.  due  to 
the  contact  of  the  electrolyte  with  the  anode  (334)  forces  a  current  around  a 
path  comprising  the  electrolyte  inside  of  the  cell,  the  electrodes  and  the 
external  circuit  (Fig.  172).  This  current  in  passing  through  the  electrolyte, 
which  always  contains  hydrogen,  decomposes  the  electrolyte,  and  liberates 
hydrogen  gas.  Other  components  liberated  from  the  decomposed  electrolyte 
unite  with  the  zinc  to  form  new  chemical  compounds.  Thus  the  zinc  is 
"eaten  up"  or  consumed.  Chemical  energy  is  transformed  into  electrical 
energy. 

343.  Typical  Operation  of  a  Primary  Cell  can  be  illustrated  by 
the  readily  constructed  apparatus  of  Fig.  171.  This  constitutes 
the  simplest  primary  cell.  However,  the  essential  components 
are  present:  One  of  the  electrodes  is  a  piece  of  copper,  the  other 
a  piece  of  zinc  and  the  electrolyte  is  diluted  sulphuric  acid  which 
acts  more  readily  on  the  zinc  than  it  does  on  the  copper. 

Example. — Cut  a  strip  of  sheet  zinc  (Fig.  171,//)  about  4  in.  long  and  IH 
in.  wide  and  a  strip  of  sheet  copper  of  the  same  dimensions.  Scour  the  zinc 
with  emery  imtil  it  is  bright.  Place  the  strips  in  a  glass  tumbler  two-thirds 
full  of  dilute  sulphuric  acid  (two  tablespoonfuls  of  sulphuric  acid  in  a  tum- 
bler two-thirds  full  of  water).  On  touching  the  strips  together,  which  com- 
pletes the  external  circuit,  a  shower  of  bubbles  will  rise  from  the  copper  strip. 
These  bubbles  are  hydrogen  gas.  If  the  strips  are  not  allowed  to  touch  or  if 
one  of  them  is  removed,  the  chemical  action  greatly  diminishes. 

If  the  zinc  is  now  amalgamated  (Art.  348)  by  rubbing  some  mercury  on  it, 
no  hydrogen  will  be  given  off  from  its  surface.  However,  if  the  two  strips  be 
touched  together  or  if  their  upper  ends  are  connected  together  with  a  con- 
ductor so  as  to  form  an  external  circuit,  hydrogen  will  again  be  freely  dis- 
charged from  the  copper.  If  the  connection  between  strips  is  made  with  a 
non-conductor  the  action  will  cease.  If  the  action  be  allowed  to  continue 
for  some  time,  the  zinc  will  waste  away  but  the  copper  will  not  be  altered. 
With  an  ammeter  it  can  be  shown  that  a  current  is  forced  through  the  exter- 
nal circuit  by  the  e.m.f.  maintained  by  the  chemical  action. 

Note. — The  Electbok-Theort  Explanation  op  the  Action  op  the 
Primary  Cell. — When  an  electric  current  flows  through  a  conductor, 
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there  is  merely  a  movement,  in  one  direction,  of  the  electrons  between  atomSi 
as  is  explained  under  Art.  104A.  But,  entirely  different  phenomena  occur 
in  the  electrolyte  of  the  primary  cell  when  two  metals  (one  of  which  is  acted 
on  chemically  by  the  electrolyte)  are  immersed  in  it. 

Consider  as  an  example  a  cell  comprising  a  strip  of  copper  and  a  strip  of 
sine,  having  their  lower  ends  dipping  into  a  sulphuric-acid  solution: — 
Now,  sulphuric  acid  when  in  solution  (that  is  when  in  water)  has  the  property 
of  breaking  up  into  ions,  Art.  36A.  The  chemical  symbol  of  sulphuric  acid  is 
HiSOi,  That  is,  a  molecule  of  sulphuric  acid  contains  two  atoms  of  hy- 
drogen, Ht,  one  atom  of  sulphur,  S,  and  four  atoms  of  oxygen,  O4.  Then, 
when  in  solution,  each  molecule  of  acid  breaks  up  into  positive  ions,  H, 
and  negative  ions,  Sd,  Furthermore,  the  sine  strip  when  submerged  in  the 
acid  solution  which  acts  upon  it,  tends  at  its  surface  to  break  up  into  sine 
ions  and  electrons.  Each  zinc  atom,  thus  disassociated  at  the  surface  of  the 
zinc,  breaks  up  into  a  positive  zinc  ion  and  a  negative  electron.  Now  the 
positive  zinc  ion  is  attracted  to  and  combines  with  the  negative,  SOt, 
ion  of  the  electrolyte  and  forms  neutral — ^neither  positive  nor  negative — zinc 
sulphate,  ZNSOa.  This  zinc  sulphate  dissolves  in  the  water  of  the  cell  and 
is  of  no  further  consequence  or  value  in  the  operation  of  the  cell. 

The  free  electrons  thus  left  by  the  zinc  atoms  (when  they  broke  up  into 
zinc  ions  and  negative  electrons,  the  negative  zinc  ions  combining  with 
the  positive,  ZNSOa  ions)  accumulate  on  the  zinc  plate.  Then  because  of 
the  great  tendency  of  electrons  to  repel  one  another.  Art.  4,  these  free  elec- 
trons move  up  through  the  zinc  plate  and  around  the  external  conducting 
circuit  to  the  copper  strip,  which  is  the  other  electrode  of  the  cell.  But 
note  also  that  the  positive  ions,  H,  of  the  electrolyte  are  attracted  through 
the  solution  to  the  copper  strip.  Here  each  positive,  JJ,  ion  combines  with 
a  negative  electron  which  has  been  transferred  over  from  the  zinc.  The 
combining  of  an  electron  and  a  hydrogen  ion  constitutes  an  atom  of  hy- 
drogen. Then  these  hydrogen  atoms  form  into  bubbles  of  hydrogen,  rise  to 
the  surface  of  the  electrolyte  and  dissipate  into  the  atmosphere. 

It  is  evident  then  that,  in  the  electrolyte  of  the  cell,  there  is  a  movement 
of  hydrogen  positive  ions  toward  the  copper  plate  and  also  a  movement  of 
negative,  Sd,  ions  toward  the  zinc  plate.  Hence,  although  there  is  an 
electron  current  in  only  one  direction,  through  the  external  circuit,  there  are 
really  two  currents  in  the  electrolyte.  One  is  a  "negative" — ^ion  current 
toward  the  zinc  plate  and  the  other  a  "positive" — ^ion  current  toward 
the  copper  plate. 

By  the  above-outlined  process  the  zinc  plate  and  the  electrolyte  are  con- 
sumed as  the  cell  "generates"  energy.  The  rate  of  consumption  of  the  zinc 
and  that  of  the  solution  are  obviously  proportional  to  the  energy  delivered. 

344.  The  Two  Essential  Laws  of  Chemical  Action  in  a  Primary 
Cell  Are  (these  laws  were  proposed  by  Faraday)  : 

7.  The  amount  of  chemical  action,  that  is,  the  amount  of  metal 
displaced,  in  a  cell  is  proportional  to  the  quantity  of  electricity  that 
passes  through  it.  Quantity  of  electricity  is  represented  by 
''coulombs"  (Art.  122).     Now,  amperes  X  seconds  =  coulombs. 
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Hence  the  amount  of  zinc  consumed  in  a  cell  is  proportional  to 
the  current  flowing  multiplied  by  the  time.  This  means  that 
the  greater  the  current  that  flows  through  a  cell  and  the  longer 
the  current  flows,  the  greater  will  be  the  consumption  of  the  zinc. 
See  Art.  345  for  examples. 

//.  When  a  number  of  cells  are  connected  in  series  to  comprise  a 
battery,  the  amount  of  chemical  action  is  the  same  in  each  cell. 
This  follows  from  the  preceding  law  because  the  current  in 
each  unit  of  a  series-connected  group  is  the  same.  If  the  current 
through  each  cell  is  the  same  the  chemical  action,  from  /,  in  each 
must  be  the  same.  If  0.1  oz.  of  zinc  is  consumed  in  an  hour  by 
one  cell  of  a  series-connected  group  there  will  also  be  0.1  oz.  of 
zinc  consumed  by  every  other  cell  in  that  group.  This  law 
assumes  that  there  is  no  local  action  (Art.  347). 

346.  Electrochemical  Equivalents. — From  the  laws  of  Art. 
344  it  is  evident  that  1  amp.  flowing  for  1  hr.,  from  a  given  metal 
and  into  an  electrolyte  in  which  the  metal  is  immersed  will  dis- 
place (eat  away)  a  definite  amount  of  that  metal.  The  specific 
quantity  of  a  substance  which  is  thus  consumed  per  ampere- 
hour  is  the  electrochemical  equivalent  of  that  substance.  The 
character  of  the  electrolyte  does  not  affect  the  amount  of  metal 
displaced  per  ampere-hour.  In  some  cells  the  metal  that  is 
carried  away  from  the  anode  by  the  chemical  action  is  deposited 
on  the  cathode.  In  other  cells  the  metal  thus  carried  away  is 
dissolved  in  or,  speaking  more  properly,  combines  chemically 
with,  the  electrolyte  and  remains  in  solution.  If  a  current  be 
driven  through  a  voltaic  cell  in  a  direction  opposite  to  that  in 
which  the  cell  normally  forces  current,  the  electrolytic  process 
will  be  reversed  and  metal  will  be  recovered  from  the  electrolyte 
and  deposited  on  the  anode.  The  following  numerical  examples 
illustrate  these  principles  of  electrochemical  action : 

Example. — If  a  current  of  1  amp.  flows  through  a  cell  for  1  hr.,  siac  weigh- 
ing 0.0027  lb.  (from  Table  346)  will  be  dissolved  in  the  acid  and  0.00008  lb. 
of  hydrogen  wUl  be  liberated. 

Example. — If  a  large  battery  of  cells  (any  type  of  ceU  using  sine  as  an 
anode)  delivers  a  current  of  20  amp.  for  a  period  of  10  hr.,  how  much  zinc 
will  be  consumed  in  the  process?  Solution. — The  ampere-hours  will  be: 
20  X  10  «  200  amp.-hr.  From  Table  346,  0.0027  lb.  of  zinc  is  dissolved  per 
amp.-hr.  Therefore,  for  200  amp.-hr.,  the  consumption  of  zinc  would  be : 
200  X  0.0027  =  0.54  lb.    That  is,  about  M  lb.  of  zinc  would  be  consumed. 
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346.  Electrochemical    Equivalents    of    Chemical  Elements. 
(Foster's  Electrical  Engineers'  Pocket  Book) 


Element 


Symbol 


Aluminum Al 

Antimony Sb 

Carbon C 

^  /  cupric Cu 

Copper    <  '  ^ 

*^*^       \  cuprous Cu 

Gold Au 

Hydrogen  gas. . • H 

J         f  ferric Fe 

\  ferrous Fe 

Lead.. I  Pb 

^.  f  mercuric Hg 

Mercury   <  „ 

•'     {  mercurous Hg 

Nickel Ni 

Nitrogen  gas N 

Oxygen  gas O 

pi  |-  /  platinic. . .- Pt 

\  platinous Pt 

Silver Ag 

,-..     (  stannic Sn 

\  stannous Sn 

Zinc Zn 


Eleotroehemioal  equivalenta 


PoundB  per 
,  ampere-hour 


Ampere-hours 
per  pound 


0.000,743 

1,346.0 

0.003,299 

303.1 

0.000,246 

4,064.5 

0.002,614 

382.6 

0.005,228 

191.3 

0.005,404 

185.1 

0.000,083 

12,063.6 

0.001,535 

651.5 

0.002,302 

434.4 

0.008,506 

117.6 

0.008,222 

121.6 

0.016,444 

60.8 

0.002,413 

,        414.4 

0.000,384 

1     2,603.8 

0.000,658 

;      1,520.1 

0.004,006 

i        249.7 

0.008,012 

i         124.8 

0.008,873 

112.7 

1 

0.002,446 

408.8 

0.004,892 

204.4 

0.002,688 

1        372.0 

347.  Local  Action  is  the  electrochemical  action  which  occurs 
in  primary  cells — usually  on  the  anode  or  positive  plate — that 
contributes  nothing  to  the  current  in  the  external  circuit.  All 
commercial  zinc  contains  particles  of  carbon,  iron  and  various 
other  metallic  impurities.  When  a  piece  of  commercial  zinc  is 
immersed  in  an  acid  solution^  these  impurities  at  the  surface  of 
the  zinc  in  combination  with  the  zinc  itself  constitute  small 
primary  cells.  For  example,  consider  the  particle  (magnified 
many  times)  of  carbon,  a,  Fig.  174,  imbedded  in  the  surface  of 
the  zinc.  The  acid  in  combination  with  the  zinc  maintains  an 
e.m.f.  which  forces  a  local  current  around  a  ''short-circuit:" 
(1)  from  the  siuface  of  the  zinc,  (2)  through  the  electrolyte,  (3) 

15 
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through  the  carbon  and  (4)  through  the  zinc  back  again  to  the 
surface  of  the  zinc. 

Note. — This  local  action  and  these  local  currents  will,  unless  corrected, 
divert  materially  from  the  legitimate  current  output  of  the  cell.  Further- 
more, they  cause  a  great  waste  of  chemicals  and  of  sine.  Local  action  con- 
tinues whether  the  external  circuit  is  open  or  closed.  With  homogeneous, 
chemically  pure  zinc  there  can  not  be  local  action.  Alternate  hard  and  soft 
spots  in  zinc  can  cause  local  action.  If  the  zinc  is  amalgamated,  348,  local 
action  is  almost  entirely  prevented. 

Example. — If  a  strip  of  ordinary  commercial  zinc  be  placed  in  an  acid 
solution  (two  tablespoonsful  of  sulphuric  acid  in  a  tumbler  two-thirds  full 
of  water)  as  at  /,  Fig.  171,  a  continuous  series  of  bubbles  will  collect  on  the 
metal  and  break  away  from  it,  rising  to  the  surface.  These  are  bubbles  of 
hydrogen  gas.  The  zinc  will  soon  become  black  because  of  the  minute  par- 
ticles of  carbon  and  other  impurities  exposed  to  view  by  the  rapid  wasting 

away  of  the  zinc.  K  the  action  is 
allowed  to  continue  the  zinc  will, 
finally,  be  entirely  dissolved.  This 
wasting  away  is  due  to  local  action. 

348.  Amalgamation,  which  is 
the  coating  of  a  metal  with 
mercury,  minimizes  or  elimi- 
nates local  action,  (Art.  347). 
When  mercury  is  appUed  to  a 
clean  metallic  surface,  it  dissolves 
a  portion  of  the  metal  of  that  sur- 
face and  forms  a  semi-Uquid  alloy. 
For  example,  when  applied  to 
commercial  zinc,  the  mercury 
brings  pure  zinc  to  the  surface  and  coats  the  particles  of  foreign 
matter.  Furthermore,  and  probably  most  important,  it  forms 
a  smooth  surface  so  that  a  thin  film  of  hydrogen  gas  clings  to  it. 
It  is  thus  protected  from  chemical  action  except  when  the  ex- 
ternal circuit  is  closed.  Amalgamated  zinc  behaves  electrically 
as  if  it  were  pure  zinc.  Amalgamation  of  pure  zinc  is  not  neces- 
sary or  desirable  (see  '^Local  Action,"  347).  In  most  commercial 
battery  zincs,  the  mercury  is  melted  in  with  the  zinc  before  it  is 
cast.  About  1  part  mercury  to  16  parts  zinc,  by  weight,  is  a 
proportion  that  has  been  used.  Zinc  in  which  mercury  is  thus 
combined  is  very  brittle. 

Example. — Withdraw  the  zinc  strip  of  /,  Fig.  171,  from  the  acid  solu- 
tion and  while  it  is  still  wet  with  the  acid  (which  now  constitutes  a  cleanser) 
rub  some  mercury  over  its  surface.     The  mercury  will  spread  over  the  zinc 


Fig.  174. — Illustrating  local  action. 
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and  cause  it  to  assume  a  clean,  smooth  silvery  appearance.  The  zinc  has 
thus  been  amalgamated.  If  now  the  strip  is  replaced  in  the  acid  in  the 
tumbler,  no  bubbles  will  rise:  amalgamation  has  eliminated  local  action. 

349.  Polarization  in  a  primary  ceil  is  the  collection  of  a  gas — 
hydrogen  in  practically  every  case — on  the  surface  of  the  cathode 
or  negative  electrode,  which  is  usually  of  carbon  or  copper. 
Note  that  local  action,  Art.  347,  occurs  on  the  anode,  while  polari- 
zation  occurs  on  the  cathode.  The  hydrogen  evolved  from  the 
electrolyte  by  the  chemical  action  in  a  primary  cell  is  carried 
across  with  the  current  from  the  anode  (zinc)  and  tends  to  collect 
on  the  cathode  (carbon  or  copper).  This  is  polarization.  Hy- 
drogen gas  has  a  very  high  resistance,  hence  if  permitted  to 
form  a  film  on  the  cathode,  the  internal  resistance  of  the  cell  is 
very  materially  increased.  Since  the  e.m.f.  of  any  given  cell 
is  constant,  Art.  340,  this  increase  in  internal  resistance  decreases 
the  possible  current  output  of  the  cell.  j- 

Note. — Furthermore,  polarization  tends  to  decrease  the  e.m.f.  of  a  cell 
because  there  is  a  reverse  e.m.f.  developed  by  the  contact  of  the  hydrogen 
with  copper  or  carbon.  See  Art.  352  for  method  of  measuring  the  effect  of 
polarization.  This  counter  e.m.f.,  though  small  as  compared  with  that 
developed  by  the  contact  of  the  zinc  with  the  electrolyte,  opposes  the  zinc- 
electrolyte  e.m.f.  If  im corrected,  polarization  would  render  most  cells 
useless  for  many  practical  purposes.  However,  it  can  be  corrected  with 
depolarizers  as  will  be  shown. 

Example. — ^If  a  strip  of  amalgamated  zinc,  Art.  348,  is  immersed  (//, 
Fig.  171)  in  a  tumbler  of  dilute  sulphuric  acid  solution  in  which  there  is  also 
a  strip  of  c6pper  of  the  same  dimensions,  there  will  be  no  action.  If  now  the 
upper  extremities  of  the  strips  be  placed  in  electrical  contact  as  at  ///,  a 
circuit  is  completed  and  the  e.m.f.  developed  by  the  contact  of  the  zinc  with 
the  acid  solution  or  electrolyte  drives  a  current  through  this  circuit.  Hydro- 
gen bubbles  will  now  be  deposited  on  the  copper  plate  or  cathode.  Some 
of  the  bubbles  rise  to  the  surface  of  the  electrolyte  but  many  remain  on  the 
cathode  and  polarize  it. 

If  the  upper  ends  of  the  plates  be  connected  through  an  ammeter  so  as  to 
form  an  external  circuit,  the  readings  of  this  instrument  will  show  that  a 
considerably  greater  current  flows  in  the  external  circuit  when  the  circuit 
is  first  closed  than  after  the  cathode  has  had  time  to  become  polarized  by  the 
hydrogen  bubbles.  If  the  bubbles  are  brushed  from  the  cathode  with  a 
feather  or  a  stick  of  wood,  the  current  through  the  external  circuit  will 
immediately  become  greater  as  indicated  by  the  ammeter  readings.  How- 
ever, the  current  will  again  decrease  if  the  cathode  is  allowed  to  become 
polarized. 

360.  A  Depolarizer  is  a  medium  whereby  an  accumulation  of 
hydrogen  bubbles  on  the  cathode  of  a  primary  cell  is  prevented. 
The  methods  of  depolarization  may  be  divided  into  three  classes : 
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(1)  Mechanical^  (2)  Chemical  and  (3)  Electrochemical.  Descrip- 
tions of  cells  employing  these  different  methods  are  given  in 
Table  358  and  in  the  following  articles. 

In  Mechanical  Depolarization,  the  hydrogen  bubbles  are  brushed 
or  forced  from  the  cathode.  This  may  be  effected  by  a  current  of  air  that 
agitates  the  electrolyte  or  by  a  constant  movement  of  the  cathode  in  the 
electrolyte.  If  the  cathode  has  a  roughened  surface,  as  in  the  Smee  cell, 
where  it  is  coated  with  granular  platinum,  depolarization  is  partially  effected. 
The  bubbles  can  not  cling  as  readily  to  a  rough  surface  as  to  a  smooth  one. 
Mechanical  depolarization  is  expensive,  is  not  generally  used  and  is  not  very 
effective  nor  successful. 

In  Chemical  Depolarization,  some  chemical  substance  for  which  the 
hydrogen  has  an  affinity  and  with  which  it  will  readily  combine,  is  provided 
on  or  near  the  cathode.  Then,  the  hydrogen  that  is  liberated  unites  with, 
this  substance  to  form  a  new  chemical  compound  and  is  thus  prevented  from 
collecting  on  the  cathode.  Bichromate  of  potash,  chlorine  and  nitric  add 
are  substances  with  which  hydrogen  readily  combines,  hence  they  are  fre- 
quently used  as  depolarizers.  Chemical  depolarization  is  effective,  econom- 
ical, and  much  used. 

In  Electrochemical  Depolarization,  the  electrodes  and  electrolyte  are 
of  such  materials  that  the  chemical  action  within  the  cell  liberates  some 
metal,  usually  copper,  at  the  cathode  instead  of  hydrogen.  Thus  the  forma- 
tion of  hydrogen  at  the  cathode  is  entirely  prevented  and  polarization  is  an 
impossibility. 

361.  The  Internal  Resistance  of  a  Cell  depends  on  the  area  of 
the  plates  that  is  exposed  to  the  electrolyte,  the  distance  between 
the  plates  and  the  temperature  and — strength  or  density  of  the 
electroljrte.  All  cells  have  some  internal  resistance.  The  inter- 
nal resistance  of  a  cell  is  actually  the  resistance  of  the  volume  of 
the  electrolyte  or  other  material  through  which  the  current  flows 
in  passing  from  one  plate  to  the  other.  Obviously,  this  internal 
resistance  is  an  exceedingly  variable  quantity.  It  may  vary 
considerably  in  two  cells  of  exactly  the  same  size  and  construc- 
tion and  which  appear  to  be  precisely  alike.  The  internal-resist- 
ance values  given  in  Table  358  are  averages  for  commercial  cells 
of  the  construction  and  sizes  in  ordinary  use. 

362.  It  Is  DiflSicult  to  Calculate  the  Internal  Resistance  of  a 
Cell,  but  it  can  be  determined  experimentally  as  indicated  in 
Art.  352.  Polarization  (Art.  349),  although  it  is  a  phenomenon 
entirely  different  and  distinct  from  internal  resistance,  tends  to 
decrease  the  current  output  of  a  cell  in  much  the  same  way  as 
does  internal  resistance.  For  a  given  cell,  internal  resistance 
is  reasonably  constant  while  polarization  may  vary  considerably. 
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363.  Detennination  of  the  Internal  Resistance  of  a  Cell. — 

The  e.m.f.  of  a  cell  on  open  circuit  is  always  greater  than  the 
effective  e.m.f.  when  the  cell  is  on  closed  circuit,  that  is,  when 
current  is  flowing  through  it,  as  shown  in  I  and  II,  Fig.  175. 
The  drop  in  voltage  is  due'to  two  causes:  (1)  Interndlrresistance 
drop,  and  (2)  polarization  (Art.  349). 

364.  Internal-resistance  Drop  is  the  loss  or  drop  in  voltage 
due  to  the  current  flowing  through  the  internal  resistance  of 
the  cell.  There  is  always  a  drop  in  voltage  when  current  flows 
through  a  resistance.  Polarization,  as  explained  in  Art.  349, 
is  a  combined  resistance  and  opposing  e.m.f.  effect.  Both  of 
these  effects  combine  to  form  a  counter  e.m.f.  effect  which  can 
be  measured  in  volts  and  which  combine  to  decrease  the  effective 
voltage  of  the  cell  when  current  is  flowing  through  it.  These 
facts  are  utilized  in  determining  internal  resistance,  as  will  be 
shown. 
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Fio.  175. — Determination  of  the  internal  resistance  of  a  cell. 

366.  Detennination  of  the  Apparent  Internal  Resistance  of  a 
Cell. — With  this  method,  the  combined  effect  of  internal  resist- 
ance and  polarization  is  termed  the  apparent  internal  reeistarhce 
of  the  cell.  Suppose,  as  at  Fig.  175,/,  a  voltmeter  is  connected 
across  a  cell  on  open  circuit  and  that  it  reads  1.3  volts.  Now 
suppose  the  cell  to  be  connected  to  a  closed  circuit  as  at  //. 
The  ammeter  now  indicates  0.2  amp.  and  the  voltmeter  0.6  volt. 
There  has  been  a  drop  of:  1.3  volts  -  0.6  voU  =  0.7  volt  due  to 
polarization  and  internal  resistance  combined.  Now,  since  we 
know  the  current  in  the  circuit,  we  can  by  applying  Ohm's  law 
(Art.  134)  determine  the  resistance  that  would  cause  this  0.7 
volt  drop.  Thus:  22  =  jB  -^  /  =  0.7  volt  -^  0.2  amp.  =  3.5 
ohms.  This  3.5  ohms  is  the  apparent  internal  resistance  of  the 
cell.     These  operations  can  be  expressed  in  a  formula  thus: 

(93)  Rp=^^-^  (ohms) 
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Wherein  Rp  =  the  apparent  internal  resistance  of  the  cell  in 
ohms.  E  =  the  e.m.f.  of  the  cell,  unpolarized  and  on  open  cir- 
cuit, in  volts.  V  =  the  voltage  reading  across  the  cell  when  the 
current  I  flows  as  shown  in  Fig.  175,7/. 

Example. — ^What  is  the  apparent  internal  resistance  of  the  cell  of  Fig. 
175?  Its  e.m.f.  on  open  circuit,  as  at  /,  is  1.3  volts;  the  voltage  reading 
with  a  current  of  0.2  amp.  flowing  is,  as  shown  at  //,  0.6  volt.  Solution. — 
Substitute  in  the  formula  (93):  Rp  ^  (E  -  V)  -h  I  ^  (1.3  -  0.6)  -^  0.2  - 
0.7  -5-  0.2  =  3.5  ohms. 

366.  Determination  of  the  Actual  Internal  Resistance  of  a 
Cell. — The  method  of  Art.  355  does  not  give  the  (idiud  internal 
resistance  of  the  cell  because  the  cell  was  not  polarized  when 
the  reading  of  I  (Fig.  175)  was  taken  but  it  was  polarized  when 
that  of  II  was  read.  If  now,  however,  after  the  cell  has  been 
on  closed  circuit  and  is  polarized,  the  voltage  reading  //  be  taken 
and  then  the  circuit  be  opened  and  an  open  circuit  reading  taken 
quickly  as  at  ///  (before  depolarization  can  take  place)  the  error 
due  to  polarization  will  be  eliminated.  The  reason  for  its  elimi- 
nation is  that  the  counter  e.m.f.  due  to  polarization  will  be  effect- 
ive in  the  readings  of  II  and  also  in  those  of  ///  and  in  both 
cases  it  will  decrease  the  effective  voltage  of  the  cell  by  the  same 
amount.  This  method  and  the  formula  below  give  the  actual 
internal  resistance  of  a  cell,  thus: 

(94)  fix  =^'7^  ^"^^^^ 

Wherein  Ra  =  actual  internal  resistance  of  the  cell  in  ohms. 
Er  =  the  voltage  across  the  cell  measured,  as  shown  at  III, 
immediately  after  the  circuit  has  been  opened  and  before  depolari- 
zation can  take  place.  V  =  the  voltage  reading  across  the  cell 
\yhen  current  /,  in  amperes,  flows  as  shown  at  //. 

Example. — What  is  the  actual  internal  resistance  of  the  cell  shown  in 
Fig.  175?  The  voltmeter  indicates  0.7  volt  across  it  when  a  current  of  0.2 
amp.  flows,  as  at  //,  and  the  voltmeter  indicates  1.0  volt  on  open  circuit  as 
at  III  while  the  cell  is  still  polarized.  Solution. — Substitute  in  the  for- 
mula (94):  Ra  ^  (El  -  V)  -^  I  =^  (1.0  -  0.6)  -^  0.2  =  0.4  +  0.2  ^2  ohms. 

Note. — The  following  data  relates  to  the  cell  and  circuit  shown  in  Fig. 
175?  E.m.f.  e  1.3  volts.  Internal  resistance  =  2  ohms.  Counter  e.m.f. 
of  polarization  =  0.3  volt;  this  counter  e.m.f.  is  effective  only  when  the 
cell  is  polarized,  at  which  time  the  effective  e.m.f.  of  the  cell  is:  1.3  voUs  — 
0.3  voU  =  1.0  voUj  as  shown  at  ///.  The  resistance  of  the  external  circuit 
is  3  ohms. 


SECTION  18 
TYPES  AND  CONNECTIONS  OF  PRIMARY  CELLS 

367.  Different  Types  of  Primary  Cells  are  almost  numberless. 
Many  have  been  invented,  lived  their  day  and  are  now  forgotten. 
Table  358  lists  the  most  important,  either  historically  or  com- 
mercially, and  shows  their  characteristics.  Art.  372  suggests  the 
suitable  applications  for  cells  of  different  tjrpes.    Descriptions 
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Fio.  176. — Older  types  of  cells. 
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(rf  some  of  the  cells  and  directions  for  their  setting  up  and  main- 
tenance are  given  in  following  articles. 

368.  The  Smee  Cell  (Fig.  176, J),  so-named  from  its  originator, 
comprises  a  plate  of  silver  or  lead  suspended  between  two  zinc 
plates.  All  dip  into  a  glass  jar  containing  dilute  sulphuric  acid. 
As  a  remedy  for  polarization,  the  silver  or  lead  plate  is  coated  with 
finely  divided  or  granulated  platinum.  The  remedy  is  not  very 
effective.  Smee  cells,  though  simple  and  rugged,  are  seldom  used 
now  because  better  cells  are  available. 
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369.  Characteristics  of  Primary  Cells. 


Name 


Anode  or 
positive 
electrode 


Electrolyte  or 

excitant, 

solution  of 


Separator 


Depolariier 


Cells  employing  mechanical  depolarisation 


Volta Zinc 

WoUaston '  Zinc 

Smee I  Zinc 

Law I  Zinc 

Hercules .  Zinc 

Carbon  cylinder '  Zinc 


Sulphuric  acid 
Sulphuric  acid 
Sulphuric  acid 
Sal-ammoniac 
Sal-ammoniac 
Sal-Ammoniac 


None 
None 
None 
None 
None 
None 


None 
None 
None 
None 
None 
None 


Cells  employing  chemical  depolarisation 


Fuller. 


1 


Zinc 


Qrenet Zinc 

Feggendorf Zinc 

Bichromate i  Zinc 

Qrove !  Zinc 

Bunsen |  Zinc 

Leclanche Zinc 

Lelande '  Zinc 

Edison-Lelande Zinc 

Sampson Zinc 

Fitch Zlno 

Papet Iron 

Dry  cell ,  Zinc 


Sulphuric  acid  or  | 
common  salt 
Sulphuric  acid 
Sulphuric  add      . 
Sulphuric  acid 
Sulphuric  add 
Sulphuric  acid      I 
I  Sal-ammoniac      I 

i 

'  Caustic  potash     { 
i  Caustic  potash 
Sal-ammoniac 

\  Sal-ammoniac 
Iron  chloride 
I  Sal-ammoniac 
I  and  sine  chloride! 


Porous  cup    Bichromate 

i 


None 
None 
None 

Porous  cup 
Porous  cup 
Porous  cup 

or  bag 
None 

None  I 

Carbon        i 

cylinder.    , 


None 


Bichromate 
Bichromate 
Bichromate 
Nitric  acid 
Nitric  acid 
Manganese  dioxide 

Cuprio  oxide 
Cuprous  oxide 
Carbon  and  man- 
ganese 

Iron  chloride 
Carbon  and  Man- 
ganese peroxide 


Cells  employing  electrochemical  depolarisation 


Danidl Zinc 

Gravity  or  crowfoot i  Zinc 

Medinger Zinc 

Minotto '  Zinc 

De  la  Rue ,  Zinc 

Mari6  Davy Zinc 

Latimer  Clark  (sUndard)  I  Zinc         j 
Weston  (standard) Cadmium  i 

Von  Helmholts Zinc 

\ I 


Zinc  sulphate  Porous  cup  '  Copper  sulphate 

Zinc  sulphate  None           |  Copper  sulphate 

Zinc  sulphate         Copper  sulphate 

Zinc  chloride  Copper  sulphate 

Zinc  chloride  Silver  chloride 

Zinc  sulphate         Mercurous  sulphate 

Zinc  sulphate       ^ '  Mercurous  sulphate 

Cadmium  sul-       Mercurous  sulphate 

phate. 

Zinc  chloride        I Mercurous  chloride 

I 
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Cathode  or 
negative 
electrode 


*Open 

eirouit 
e.m.f .,  volts 


*  Internal 

reoiatanoe, 

ohms 


Remarks, 
for  which  cells  are  fitted 


Copper 

1.0 

1 .0  to  0.5  1  For  experimental  work 

Copper 

1.0 

l.OtoO.5 

For  experimental  work 

Platinised  silver 

1.0 

l.OtoO.5 

Polarises  rapidly^-seldom  used  now 

Carbon 

1.3 

2.0to0.8 

Carbon 

1.3 

2.0  too. 8 

For  open-circuit  work,  bells  and  signals 

Carbon 

1.3 

2.0to0.8 

Open-circuit  work,  bells  and  signals 

Carbon 

Carbon 

Carbon 

Carbon 

Platinum 

Carbon 

Carbon 

Carbon  or  iron 
Cuprous  oxide 
Carbon 

Carbon 

2.0 

2.0 
2.0 
2.0 
1.9 
1.9 
1.6 

0.8 
1.0 
1.5 

1.1 
0.4 
1.6 

4.0to0.5 

4.0to0.5 
l.OtoO.5 
l.OtoO.5 
0.2  too. 1 
0.2  too. 1 
3.0  to  1.0 

l.Stol.O 
0.0  too. 2 
0.2to0.1 

For  telephone  work — open  or  closed  circuit 

For  experimental  work,  open  or  closed  circuit 
For  experimental  work,  open  or  closed  circuit 
For  experimental  work,  open  or  closed  circuit 
Closed  circuit — seldom  used 
Closed  circuit — seldom  used 
Open  circuit — ^bells  and  signals 

Closed  circuit — seldom  used 
Closed  or  open  circuit — signal  work 
Open  circuit — bells  and  signals 

Seldom  used 

Carbon 



Seldom  used 

Carbon 

O.StoO.l 

Open  circuit,  bells,  signals,  telephones 

1.1 

1.1 

1.1 

1.1 

1.4 

1.4 

1.434 

1.083 

1.0 

Copper 
Copper 
Copper 
Copper 

6.0to2.0 
2.0to0.7 

Seldom  used 

Seldom  used 

Silver 

Seldom  used 

Carbon 

Seldom  used 

Mercury 
Mercury 

0.5  toO.3 

Laboratory  standard 
Laboratory  standard 

Mercury 

Seldom  used  in  U.  S. 

*  The  values  in  the  "e.m.f.'*  and  the  "Internal  resistance"  columns  are  necessarily 
approximate  for  reasons  outlined  in  preceding  sections  of  this  book.  Internal  resistance 
in  particular  is  subject  to  considerable  variations  with  cells  of  the  same  materials  but  of 
different  dimensions.  The  internal  resistance  values  given  are  typical  of  those  of  cells  of 
the  dimensions  and  construction  ordinarily  used  in  the  United  States  and  are  the  apparent 
internal  reeistancet  (.\rt.  355). 

360.  The  Carbon-cylinder  Cell  (Fig.  177)  has  a  zinc  anode,  a 
carbon  cathode  and  a  sal-ammoniac  electrolyte.  Ordinarily, 
no  depolarizer  is  employed.  Therefore,  the  cell  polarizes  even 
more  rapidly  than  does  the  Leclanche  cell  (Art.  364).  Its 
recovery  is  also  more  sluggish.     It  will  give  fair  service  for 
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residence  door  bells  and  annunciators  or  where  it  will  be  used 
infrequently  and  for  short  intervals.  It  polarizes  too  rapidly 
for  telephone  or  severe  signal  work.  Its  e.m.f .  is  lower  than  that 
of  Leclanche  cells  because  it  uses  no  peroxide  of  manganese. 
Sometimes  manganese  is  mixed  into  the  carbon  cathode  composi- 
tion, providing  a  depolarizer.  This  arrangement  minimizes 
polarization  to  some  extent  and  increases  the  e.m.f.  of  the  cell. 

To  Set  Up  and  Maintain  Carbon-cylinder  Cells. — The  directions 
given  under  "Leclanche  Cells"  may  be  followed,  substantially  as  there 
outlined. 
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Fio.  177. — Carbon-cylinder  (sal-ammoniac)  cell. 

361.  The  Fuller  Cell  (Fig.  178)  is  really  a  modification  of  the 
bichromate  cell,  as  suggested  in  Sec.  362.  However,  in  the 
Fuller  cell,  the  bichromate  solution  is  not  mixed  with  the  elec- 
trolyte but  is  separated  from  it  by  the  porous  cup.  The  result 
is  that  the  zinc  is  not  consumed  appreciably  on  open  circuit. 
The  e.m.f.  and  chemical  action  are  about  the  same  as  those  of 
bichromate  cells.  The  bichromate  or  depolarizing  solution 
surrounds  the  carbon  cathode  in  the  outer  portion  of  the  cell. 
The  existing  liquid,  which  may  be  a  weak  solution  of  either 
sulphuric  acid,  ammonium  chloride  (sal-ammoniac)  or  sodium 
chloride  (common  salt),  is  placed  in  the  porous  cup  surrounding 
the  zinc  anode. 
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Fig.  178  shows  the  type  of  Fuller  cell  used  in  America  for 
telephone  work.  It  can  stand  on  open  circuit  for  several  months 
continuously  without  appreciable  deterioration.  The  zinc  is  cast 
cone-shaped  with  a  copper  wire  leading  from  it.  Its  diameter 
is  made  smaller  at  its  top  to  facilitate  uniform  consumption  of 
the  metal  along  the  entire  length  of  the  zinc.  The  consump- 
tion of  this  cone-shaped  zinc  is  quite  uniform  over  its  entire 
length.  Fuller  cells  with  several  carbon  plates  in  multiple,  or 
with  a  cylindrical  carbon  for  cathodes  can  be  purchased;  such 
cells  have  very  low  internal  resistances. 

The  Fuller  Cell  Is  Set  Up  As  Follows. — Mix  the  electrolyte  by  adding 
6  oz.  of  potassium  bichromate  and  17  oz.  of  sulphuric  acid  to  56  oz.  of  soft 
water.    Pour  this  mixture  into  the  glass  jar.    Into  the  porous  cup  put  one 
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Fio.  178. — Fuller  cell — telephone  type. 
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teaspoonful  of  mercury  and  two  teaspoonfuls  of  common  salt  (sodium  chlor- 
ide). The  mercury  provides  for  the  constant  amalgamation  of  the  zinc. 
Place  the  porous  cup,  now  containing  the  zinc  anode,  in  the  glass  jar  and  fill 
the  porous  cup  to  within  2  in.  of  its  top  with  soft  water.  Put  on  the  cover, 
insert  the  carbon  cathode  and  the  cell  is  ready  for  use.  When  the  cell  is  in 
proper  working  order  the  color  of  the  solution  is  orange. 

362.  Bichromate  or  Chromic  Acid  Cells.  Grenet  Cell. 
Plunge  Batteries  (Fig.  179). — There  are  many  different  forms. 
The  Fuller  cell  (Art.  361)  is  really  a  modified  bichromate  cell. 
In  these  cells  a  zinc  anode  is  so  suspended  between  two  carbon- 
plate  cathodes  that  it  does  not  touch  them.  Sulphuric  acid  and 
water  is  the  electrolyte  and  bichromate  of  potassium  is  the 
depolarizer.    When  hydrogen  is  liberated,  by  the  action  of  the 
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sulphuric  acid  on  the  zinc,  it  combines  with  the  bichromate, 
which  is  rich  in  oxygen,  preventing  polarization.  These  cells 
have  a  high  e.m.f.  and  low  internal  resistances,  hence  are  capable 
of  furnishing  relatively  large  currents.  However,  the  electrolyte 
soon  becomes  exhausted  so  the  cells  are  not  applicable  to  many 
commerical  uses.  They  are  very  convenient  for  laboratory  work 
and  probably  there  find  their  widest  application.  The  Grenet 
Cell  (Kg.  179,77)  has  its  zinc  anode  mounted  on  a  rod  so  that  it 
can  be  easily  removed  from  the  electrolyte  when  the  cell  is  not 
in  use.  A  plunge  battery  (Fig.  179,7)  consists  of  a  series  of  bi- 
chromate cells,  so  arranged  that  the  electrodes  can  all  be  raised 
from  the  electrolyte  at  will  by  turning  a  crank.  A  large  plunge 
battery  may  develop  a  considerable  voltage  and  a  large  current. 


Qwd^  t»flmft£kctroefes  - 


CoftonP^res^' 


Saints  of  Bi^hrmijmtt ' 
l-PTunge    Ba+tery 


'ZkK  f^iafti 


I-&renet  Cell 


Fio.  179. — Bichromate  or  chromio  acid  cells. 


Electroltte  For  Bichromate  Cells  may  be  made  in  accordance  with 
any  one  of  a  number  of  different  receipts.  The  following,  which  is  some- 
times called  Electropoian  SoltUian  will  give  good  results:  1  gal.  of  water,  1 
lb.  of  bichromate  of  potash  crystals  and  from  H  to  1  pt.  of  sulphuric  acid, 
according  to  the  energy  of  action  desired.  A  small  amount  of  nitric  feicid 
added  to  the  solution  increases  the  constancy  of  the  battery.  A  Chromic 
Acid  SoltUion  which  is  used  where  an  intense  current  is  desired  is:  chromic 
acid,  10  parts;  water,  10  parts;  sulphuric  acid  4  parts — all  by  weight. 

363.  Grove  and  Bunsen  Cells  are  shown  in  Fig.  176 JI. 
The  Grove  cell  comprises  a  glass  jar  containing  dilute  sulphuric 
acid  in  which  are  immersed:  a  cylindrical  zinc  and  a  porous  cup 
in  which  is  a  strip  or  plate  of  platinum.  The  porous  cup  contains 
strong  nitric  acid.    The  hydrogen,  evolved  by  the  action  of  the 
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sulphuric  acid  on  the  zinc,  combines  with  the  nitric  acid  and  water 
is  formed,  so  there  is  no  free  hydrogen.  A  brownish-red,  poison- 
ous and  corrosive  gas  is  evolved  by  this  process.  The  Bimsen 
cell  differs  from  the  Grove  only  in  that  it  uses  a  block  of  carbon 
instead  of  a  strip  of  platinum  for  the  cathode.  Grove  and  Bunsen 
cells  are  seldom  used  now. 

364.  The  Leclanche  Cell  (Figs.  180,  181  and  182)  is  adapted 
only  to  intermittent  work  such  as  that  of  bell,  signal  and  tele- 
phone installations.  Although  a  depolarizer  is  provided,  the 
cells  soon  polarize  on  closed  circuit.  However,  they  recover 
quickly  and  are  very  satisfactory  for  the  services  indicated.  In 
action,  the  sal-ammoniac  (ammonium  chloride)  electrolyte 
attacks  the  zinc  anode,  forming  zinc  chloride  and  liberating 


//^KAfcrr  tnsifkiflns  fl«fS 


Fia.  180. — Carbon  i>orou8  cup  (sal-ammoniac)  cell. 


hydrogen  and  ammonia  gas  on  the  surface  of  the  carbon  cathode. 
The  peroxide  of  manganese,  which  is  usually  in  small  lumps,  is 
rich  in  oxygen.  This  oxygen  combines  with  the  liberated  hy- 
drogen to  form  water.    Thus  polarization  is  largely  avoided. 

Note. — The  peroxide  of  manganese  is,  however,  more  than  a  depolarizer. 
Because  of  its  contact  e.m.f.  (Art.  310)  with  the  electrolyte,  it  increases  the 
voltage  of  the  cell.  Note  from  Table  358,  that  a  zinc-carbon-sal-ammoniac 
cell  (the  Leclanche)  employing  peroxide  of  manganese  has  a  greater  e.m.f. 
than  a  carbon-cylinder  cell  which  uses  the  same  elements  but  which  does  not 
employ  the  manganese.  The  powdered  carbon  is  mixed  with  the  manganese 
to  give  greater  conductivity  and  a  greater  surface  to  the  carbon  electrode. 
The  forms  of  Leclanche  cell  most  used  in  America  are  described  below. 

366.  Different  Forms  of  Leclanche  Cells  are  shown  in  Figs. 
180,   181   and   182.     The  porous-cap  type  (Fig.  182,/  and  11) 
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was  at  one  time  used  widely  but  it  has  now  been  superseded 
largely  by  the  carbon-cup  type.    The  zinc  is  a  rod  or  pencil. 

The  carbon  inthe  unglazed  pottery 
porous  cup  is  packed  around  with 
peroxide  of  manganese  and  carbon. 
The  canvas-bag  type  (Fig.  182,777) 
differs  from  the  porous- cup  type 
only  in  that  the  manganese  and 
carbon  are  retained  in  a  bag  of 
heavy  cloth  instead  of  in  an  earth- 
enware porous  cup.  A  rubber  ring 
on  the  lower  end  of  the  pencil  zinc 
prevents  its  contact  with  the  bag. 
The  carbon-porous-cup  type  (Figs. 
180  and  181)  uses  practically  the 
same  materials  as  the  others  but 
the  corrugated  carbon  cylinder 
itself  forms  the  porous  cup.  The 
manganese  and  powdered  carbon 
are  within,  in  it.  The  cylindrical 
zinc  offers  a  large  surface. 

Fio.  181. — Section  of  a  carbon  porous       r«      o.       ^^  ^  ^ 

cup  coll.  To  Set  Up  a  Leclanche  Cell. — 

Place  4  oz. — ^not  more — of  white  pow- 
dered sal-ammoniac  in  the  jar.  If  too  much  sal-ammoniac  is  used,  "creeping 
salts"  will  give  trouble.     Fill  the  jar  one-third  full  of  water  and  stir  until  the 
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sal-ammoniac  is  entirely  dissolved.  Put  the  carbon  and  zinc  electrodes  in 
position.  Some  water  poured  in  the  vent  hole  or  funnel  of  the  porous  cup 
will  accelerate  the  initial  action  of  the  cell. 
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Maintenance  op  a  Leclanohe  Cell. — ^Water  should  be  added  to  supply 
the  loss  due  to  evaporation.  Where  a  cell  fails,  examine  the  terminals 
for  poor  connections..  If  the  zinc  is  badly  eaten,  replace  it  with  a  new  one. 
If  the  cell  is  not  improved  by  the  new  zinc,  discard  the  old  solution  and  pour 
in  a  new  one.  If  now,  the  cell  does  not  work  properly,  the  porous  cup  or  car- 
bon cathode  should  be  soaked  in  warm  water  to  dissolve  out  any  crystalline 
salts.  If  this  does  not  afford  relief,  the  entire  cathode  element  should  be 
replaced.  It  seldom  pays  to  merely  disassemble  the  element  and  replace 
the  depolarizer. 

366.  The  Edison-Lelande  or  Edison  Cell  (Fig.  183)  is  suitable 
for  either  open-  or  closed-circuit  work.  The  mechanical  con- 
struction of  this  cell  is  particu- 
larly good.  The  cathode  is  a 
pl^te  of  compressed  oxide  of 
copper,  the  surfaces  of  which  are 
reduced  to  metalUc  copper  to  im- 
prove the  conductivity.  This 
form  of  plate  also  acts  as  a  de- 
polarizer. The  anode  is  of  pure 
zinc  homogeneously  amalgam- 
ated by  adding  mercury  when 
the  casting  is  made.  The  elec- 
trolyte is  a  solution  of  caustic 
soda.  The  top  of  the  solution 
is  covered  with  a  heavy  mineral 
oil  to  prevent  evaporation. 
Several  different  types  are  manu- 
factured, hence  for  complete  in- 
formation the  manufacturer 
should  be  consulted. 

367.  Dry  CeUs  (Fig.  184) 
have  in  America,  for  open-circuit 
work,  almost  entirely  superseded  cells  of  other  types.  The  term 
"dry  cell"  is  in  a  sense  a  misnomer  because,  although  the  cells 
are  dry  externally,  the  compositions  within  them  must  be  moist 
to  insure  the  propulsion  of  electric  current.  In  the  dry  cell, 
which  is  merely  a  modification  of  the  Leclanche  cell,  only  enough 
water  is  added  to  the  electrolyte  to  moisten  the  blotting-paper, 
cloth  or  paste  lining  that  separates  the  zinc-casing  anode  from 
the  carbon-and-manganese-dioxide  cathode.  Nearly  all  Ameri- 
can dry  cells  are  6  in.  high  and  2>^  in.  in  diameter.  The  illus- 
tration indicates  typical  construction.     The  zinc  chloride  is  in- 
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troduced  to  minimize  the  rapid  deterioration  that  would  other- 
wise occur  on  open  circuit. 

Note. — The  e.m.f.  of  all  new  dry  cells  is  about  1.5  or  1.6  volts.  A  good 
dry  cell  may  stand  on  open  circuit  for  many  months  with  a  decrease  in  e.m.f. 
of  only  about  0.1  volt.  A  good  cell  should  have  an  open-circuit  e.m.f.  of  at 
least  1.5  volts.  Internal  resistance  increases  with  age.  Thus,  while  a 
good  cell  has  an  internal  resistance  of  about  0.1  ohm,  this  may  increase  in  10 
or  12  months  to  0.5  ohm,  even  if  the  cell  has  been  only  on  open  circuit.  A 
new  cell  of  good  manufacture  should  give  a  short-circuit  current,  through  an 
external  resistance  of  not  more  than  0.01  ohm,  of  at  least  15  amp.  and  of  not 
more  than  25  amp.  A  cell  giving  more  than  25  amp.  will,  probably,  polarize 
rapidly.    One  giving  less  than  15  amp.  is,  likely,  made  with  inferior  materials. 
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Fig.  184. 


-Construction  of  typical  American  dry  cell. 


After  it  has  been  stored  on  open  circuit  for  a  year,  a  good  new  cell  should 
give  a  short-circuit  curt-ent  of  about  10  amp.  Cells  not  in  use  should  be 
stored  in  a  cool  place;  this  prevents  rapid  deterioration. 

388.  The  Daniell  Cell  is  shown  in  one  of  its  numerous  forms 
in  Fig.  176,777.  The  glass  jar  contains  a  saturated  solution  of 
copper  sulphate  (blue  vitriol).  The  porous  cup  contains  dilute 
sulphuric  acid  (about  10  per  cent,  by  volume)  or  zinc  sulphate 
or  both.  The  anode  is  amalgamated  zinc.  The  cathode  is  a 
cylindrical  copper  plate.  A  pocket  of  sheet  copper  arranged 
near  the  top  of  the  jar  contains  blue  vitriol  crystals  whereby  the 
saturation  of  the  solution  is  maintained.  In  Europe,  portable 
Daniell  cells  are  used  wherein  a  layer  of  sand  or  sawdust  is  util- 
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ixed  instead  of  the  porous  cup.  The  internal  resistance  of  these 
sawdust  cells  may  be  as  high  as  30  ohms,  whereas  the  resistance 
of  a  glass-jar  cell,  7  in.  high,  similar  to  that  shown,  is  about  3 
ohms.  The  zinc  and  copper  sulphate  combine  to  form  copper 
and  zinc  sulphate.  This  copper  is  deposited  on  the  copper  cath- 
ode of  the  cell  and  the  zinc  sulphate  dissolves  in  the  solution 
surrounding  the  zinc. 

369.  The  Gravity  or  Crowfoot  Cell,  Fig.  185,  is  merely  a  modi- 
fication of  the  Daniell  cell.  It  is  a  cheap,  simple,  reliable  cell 
and  is  extensively  used  in  America  for  closed-circuit  telegraph, 
telephone  and  signal  work.  The  zinc  sulphate  solution  (formed 
as  described  under  "The  Daniell  Cell,"  Art.  368)  is  lighter  than 
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Fio.  185. — Crowfoot  gravity  cell. 
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the  copper  sulphate  solution.  Thus  the  two  solutions  are  main- 
tained in  their  proper  positions  by  gravity.  For  this  reason  the 
arrangement  is  named  a  gravity  cell.  The  gravity  cell  is  inher- 
ently a  closed-circuit  cell  and  should  not  be  used  where  it  is  liable 
to  stand  on  open  circuit  for  considerable  periods.  The  internal 
resistance  of  the  cell  is  about  2  or  3  ohms. 

In  SBTTiNa  Up  the  Qravitt  Cell,  place  the  copper  cathode  in  the  bottom 
of  the  jar  and  pour  in  over  it  about  3  lb.  of  copper  sulphate  (blue  vitriol) 
crystals.  Now  hang  the  sine  anode  on  the  top  of  the  jar.  Fill  the  jar  with 
water  to  cover  the  zinc.  To  the  water  add  a  tablespoonful  of  sulphuric  acid. 
Cover  the  electrolyte  with  a  layer  of  pure  mineral  oil,  which  should  be  free 
from  naphtha  or  add  and  have  a  flash  point  above  400  deg.  F.  This  prevents 
evaporation  and  creeping.  Where  oil  is  not  used,  creeping  can  be  prevented 
by  dipping  the  edge  of  the  jar  in  hot  parafRn.  After  being  set  up,  the  cell 
16 
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should  be  short-circuited  for  a  day  or  so,  so  that  zinc  sulphate  will  be  formed 
which  will  protect  the  ziuc.  Such  a  preliminary  run  will  also  reduce  the 
internal  resistance. 

Maintaining  the  Gravity  Cell. — Its  temperature  should  be  kept 
above  70  deg.  F.,  since  the  internal  resistance  increases  very  rapidly  with  a 
decrease  in  temperature.  A  blue  color  in  the  bottom  of  the  cell  denotes  a 
good  condition,  but  a  brown  color  shows  that  the  zinc  is  deteriorating.  When 
renewing  the  copper  sulphate,  empty  the  cell  and  set  it  up  with  an  entirely 
new  electrolyte.  The  blue  line,  whi  oh  marks  the  boundary  between  the  copper 
sulphate  and  the  zinc  sulphate,  should  stand  about  halfway  between  the 
electrodes.  If  the  blue  Jine  is  too  close  to  the  zinc,  some  of  the  copper  sul- 
phate can  be  siphoned  out  or  the  cell  can  be  short-circuited.  This  will  pro- 
duce more  zinc  sulphate.  If  the  blue  line  is  too  low,  some  water  and  copper 
sulphate  crystals  should  be  added. 
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Fio.  186. — D'Infreville  wasteless  zinc. 


370.  Wasteless  Zincs  for  Gravity  Cells  (Fig.  186)  are  used 
by  the  telegraph  companies  and  other  concerns  that  employ 
large  batteries. 

Note. — ^With  a  crowfoot  zinc  like  that  of  Fig.  185,//,  there  is  a  certain 
amount  of  waste.  After  such  a  zinc  has  been  in  service  for  some  time  it  is  so 
eaten  away  that  only  a  stub  remains.  The  surface  offered  to  the  electrolyte 
by  this  stub  is  so  small  that  the  internal  resistance  of  the  cell  is  greatly  in- 
'  creased  and  it  is  thereby  rendered  ineffective.  To  correct  conditions  the  old 
zinc  stub  must  be  discarded  and  a  new  zinc  substituted  for  it.  With  zincs  of 
the  wasteless  type  shown  in  Fig.  186,  a  cooical  lug  A  cast  on  the  top  of  each 
ziDC  fits  into  a  corresponding  cavity  also  cast  in  each  zinc.  Thus,  partly 
consumed  zincs  are  packed  together  as  at  //  and  there  is  no  waste.  The 
brass  support,  shown  at  /,  is  so  arranged  that  it  also  serves  as  a  terminal  or 
connector  for  the  zinc  anode.  The  bared  connecting  wire  is  clamped  be- 
tween the  two  spring-brass  strips,  which  affords  a  good  electrical  contact. 

371.  Standard  Cells  (Fig.  187)  are  used  in  laboratory  work  as 
standards  of  e.m.f.  and  are  utilized  in  measurements  where  a 
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voltage  of  known  and  fixed  value  is  required  for  comparison  or 
for  calibrating  instruments.  Large  currents  are  not  required 
from  standard  cells,  hence  they  may  and  do  have  high  internal 
resistances — ^frequently  as  high  as  500  to  1 ,000  ohms.  Sometimes 
a  very  high  external  resistance  is  connected  in  series  with  standard 
cells  to  limit  the  current. 

Ttfbs  of  Stamdabd  Cells  are  numerous.  The  DanieU  standard  cell, 
made  as  shown  in  Fig.  176  was  used  during  the  pioneer  days  of  the  electrical 
science.  It  has  an  e.m.f.  of  about  1  volt  and  is  still  used  as  a  rough  and 
ready  standard.  Howeveri  it  deteriorates  rapidly  and  is  otherwise  not  weU 
adapted  for  accurate  laboratory  work.  The  Clark  standard  ceU  (Fig.  187,7) 
was  adopted  as  the  standard  of  e.m.f.  by  the  International  Electrical  Con- 
gress of  Chicago  in  1803.  At  15  deg.  C.  its  e.m.f.  is  1.434  volts.  The  e.m.f. 
decreases  as  the  temperature  increases  but  correction  can  be  made  for  this  by 
applying  certain  formulas.     The  Weston  standard  cell  has  an  e.m.f.  of  1.083 
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volts.  Its  e.m.f.  is  constant  at  all  ordinary  temperatures  and  remains  con- 
stant for  years,  provided  no  current  greater  than  0.0001  amp.  is  allowed  to 
pass  through  the  cell.  Because  of  its  constancy  under  various  conditions, 
the  Weston  has  largely  superseded  the  Clark  cell  as  a  working  standard. 
Other  types  of  standard  oeUs  are  manufactured. 

372.  Selection  of  Cells  for  Given  Services. — As  a  general 
proposition,  a  cell  that  is  suitable  for  open-circuit  work  is  not 
fitted  for  closed-circuit  service.  However,  there  are  exceptions 
to  this  maxim.  The  following  notes  give  information  relating 
to  the  proper  applications  of  cells  of  different  types: 

Carbok-zinc-sal-ammoniac  or  Leclakche  Cells  are  best  suited  for 
light  signal  work,  such  as  residence,  door-bell-and-annundator  applications, 
where  long  periods  of  rest  occur  between  operations.  These  cells,  if  well 
made  are  also  satisfactory  for  local  telephone  work.    Large  cells  of  the 
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LedaDche  type  will  provide  l^eavy  currents  for  short  periods  and  require  little 
attention.  Hence,  they  are  sometimes  conveniently  used  in  experimental 
work.  However,  regardless  of  their  size,  they  soon  polarize  temporarily, 
thereby  decreasing  the  current  output.  After  a  period  of  rest  they  recuper- 
ate and  are  then  as  powerful  as  before  imtil  polarization  again  occurs.  Car- 
bon-zinc-sal-ammoniac  cells  with  cylindrical  zincs  are  more  powerful  than 
those  with  rod  or  pencil  zincs  and  hence  should  be  used  for  important  bell 
and  annunciator  work.  Cells  with  pencil  zincs  are  satisfactory  for  residence 
bell  and  annunciator  work. 

CopPEB-ziNO-coppER  Sui^PHATE  CsLLB  cau  be  used  for  electric  bells  but 
are  best  fitted  for  service,  such  as  that  of  closed-circuit  telegraph  and  burglar- 
alarm  installations,  where  current  flows  through  them  continually. 

BiCHROMATB  Plunoe  Cells,  the  Grehet  cell  for  example,  are  suitable  for 
service  where  large  currents  are  required  but  where  it  is  convenient  to  dis- 
mantle the  cell  when  it  is  not  in  use.  Bichromate  cells  will  not  operate  for 
long  periods  without  attention  as  do  copper-«ulphate  cells.  The  disadvan- 
tage of  the  bichromate  ceUs  is  that  they  should  be  cleaned  and  disassembled 
when  not  in  use.  In  spite  of  this,  they  are  largely  used  in  experimental  work 
because  of  the  large  currents  that  can  be  propelled  by  them  imtil  the  solu- 
tion becomes  exhausted. 

Lelandb  Cellb. — ^Those  using  copper  oxides  and  caustic  potash  are  suit- 
able for  the  heaviest  closed-circuit  work  for  which  chemical  cells  can  be 
applied,  such  as  operating  motors,  lamps  and  induction  coils.  They  are  prob- 
ably better  adapted  than  any  of  the  other  cells  for  supplying  large  currents 
at  infrequent  intervals.  They  are  excellent  for  signal  work  but  are  expensive 
hence  have  not  been  much  used  for  such  service  except  for  railway  block  and 
fire-alarm  signaling. 

373.  The  Application  of  Primary  Cells  as  Generators  of  Elec- 
trical Energy  is,  in  general,  limited  to  conditions  for  which  a 
relatively  small  current  is  required  intermittently.  Cells  are 
used  widely  for  ringing  bells,  operating  signals,  for  telephone  and 
telegraph  work  and  for  electrical  testing.  They  are  not  com- 
mercially applicable  where  large  amoimts  of  energy  are  required 
because  electrical  energy  generated  by  chemical  action  is  much 
more  expensive  than  that  developed  by  dynamos  or  generators. 
See  Art.  509.  Even  for  telegraph  and  signal  work  it  is,  in  some 
cases,  more  economical  to  generate  with  dynamos  than  with  cells 
or  batteries. 

374.  The  Cost  of  Electrical  Energy  Generated  with  Primary 
Batteries  varies  with  the  type  of  cell  but  it  is  always  much  greater 
than  the  cost  of  energy  produced  with  djmamos  or  generators. 

Examples. — ^If  electrical  energy  is  developed  with  the  bichromate  cell 
(Art.  362),  which  probably  produces  energy  as  cheaply  as  any  primary  cell, 
the  cost  of  the  materials  alone  would  be  about  30  cts.  per  h.p.-hr.  This  cost 
assumes  that  the  materials  would  be  purchased  in  large  quantities.    With 
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dynamos  driven  by  steam  engines,  a  horse  power-hour  of  energy  can  be 
developed  readily  for  4  cts.,  while  under  favorable  conditions,  it  can  be  devel* 
oped  for  less  than  1  ct.  Using  a  silver-chloride  battery,  the  cost  of  materials 
is  in  the  neighborhood  of  $140  per  h.p.-hr.  The  cost  of  the  materials  per 
horse  power-hour  can  be  estimated  for  a  cell  of  any  type  by  using  the  electro- 
chemical equivalents  of  Table  346. 

376.  How  to  Compute  the  Current  Propelled  by  a  Battery  or 
Cell  in  a  Given  Circuit. — The  voltage  developed  by  the  cell  will 
be  the  e.m.f.  that  will  drive  the  current  through  the  circuit. 
This  voltage  can  be  ascertained  from  Table  358  or  from  a  similar 
table.  The  resistance  of  the  entire  circuit  will  be  the  sum  of 
the  external-circuit  resistance  and  the  internal  resistance  (Art. 
351)  of  the  cell.  An  average  approximate  value  for  this  internal 
resistance  can  also  be  obtained  from  Table  358.  Then,  to  ascer- 
tain the  current,  use  Ohm's  law  (Art.  134),  thus:  current  = 
voltage  -r-  {internal  resistance  +  external  resistance). 

EbcAMPLE. — ^What  current  will  flow  through  the  electric-bell  circuit  of 
Fig.  188,7,  when  the  button  is  pressed?    Solution. — ^A  Leclanche  cell  is 
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Fio.  188. — Examples  of  currents  impelled  by  batteries. 

used,  the  e.m.f.  of  which,  from  Table  358,  is  1.6  volts.  The  bell  has  a  resist- 
ance of  1.5  ohms  and  the  remainder  of  the  external  circuit  has  a  resistance  of 
1  ohm.  Hence,  the  total  resistance  of  the  entire  circuit  is:  cell,  1.5  ohms  + 
conductors,  1  ohm  +  bell,  1.5  ohms  —  4  ohms.  Then,  using  the  Ohm's  law 
formula  (9): 

/  =  P  =  -T-  =0.4  amp. 

Example. — What  current  will  four  gravity  cells  connected  in  series  drive 
through  the  telegraph  circuit  of  Fig.  188,77.  Each  sounder  has  a  resistance 
of  5  ohms  and  the  1  mile  of  No.  10  iron  line  wire  has  a  resistance  of  20  ohms. 
Solution. — ^The  earth  return  has,  for  aU  practical  purposes,  zero  (0)  resist- 
ance. The  keys  have  no  appreciable  resistance.  Each  gravity  cell  has, 
from  Table  358,  an  internal  resistance  of  about  4  ohms.  Then  the  resistance 
of  the  entire  circuit  is:  4  batteries  @  4  ohms  =  16  ohms  +  2  sounders  @  5 
ohms  —  10  ohms  +  hne  wire,  20  ohms  -  46  ohms.  From  Table  358,  each 
gravity  cell  has  an  e.m.f.  of  1.07  volts.  Hence,  the  combined  voltage  of  the 
four  cells  i«!  4  V  1.07  »  4.28  volts.  Now  using  the  Ohm's  law  formula  (9) : 
-  E  4.28  ^^ 
^  "  5  "  "46"  "  ^-^  '^'^P- 
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376.  Methods  of  Varying  the  Current  Output  of  a  Battery  by 
Changing  the  Arrangement  of  Its  Cells. — The  current  through 
any  electric  circuit  can  be  increased  m  two  ways:  (1)  By  decreas- 
ing the  resistance;  (2)  by  increasing  the  e.m,f.  Where  several  cells 
are  available,  the  e.m.f.  may  be  increased  by  joining  the  cells  in 
series  as  in  Fig.  189.  The  internal  resistance  can  be  decreased 
by  connecting  the  cells  in  parallel  as  in  Fig.  190.    Obviously,  by 
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Fio.  189. — Connection  of  primary  cells  and  centrifugal  pumps  in  series. 

changing  the  connections  of  a  group  of  cells,  the  current  output 
of  the  group  can  be  altered.  The  different  methods  of  arrange- 
ment and  their  effects  on  current  output  will  be  discussed  in 
following  articles. 

377.  Current  Output  When  Cells  Are  Connected  in  Series. — 
For  a  series  connection,  the  positive  pole  of  one  cell  joins  the 
negative  pole  of  its  neighbor,  the  cells  being  arranged  in  tandem 
as  shown  m  Fig.  189,/.    See  Art.  187,  "Series  Circuits." 
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Fio.  190. — Connection  of  primary   cells  and   centrifugal   pumps  in   parallel 

or  multiple. 

A  Hydraulic  Analoqt  to  Cblls  Connected  in  Series  is  shown  in 
Fig.  189|//.  Three  small  centrifugal  pumps  of  the  construction  of  that  of 
Fig.  93,7  are  coupled  in  series  in  a  hydraulic  pipe  circuit  which  is  full  of 
water.  Since  each  pump  can  develop  a  pressure  of  1  lb.  per  sq.  in.,  the  three 
in  series  develop  a  pressure  of  3  lb.  per  sq.  in.  when  the  valve  A  is  closed  to 
prevent  water  from  flowing.  If,  however,  the  valve  A  is  opened,  thereby 
allowing  the  pumps  to  force  water  through  the  hydraulic  circuit,  there  will  be 
a  small  drop  or  decrease  in  the  pressure  imposed  on  the  circuit  by  the  pumps. 
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This  lo«  in  pressure  whea  water  flows  is  oaused  by  the  friotion  of  the  water 
against  the  interior  of  the  pump.  This  internal  pump  friction  is  analogous  to 
the  internal  resistance  of  a  primary  cell.  When  the  pumps  are  coupled  in 
series,  their  internal  resistances  are  added  together.  The  greater  the  num- 
ber of  pumps  coupled  in  series  the  greater  is  the  total  hydraulic  pressure 
developed  but  the  greater  is  the  internal  pump  friction. 

The  e.m.f .  of  a  group  or  battery  of  cells  connected  in  series  is 
the  sum  of  the  e.m.fs.  of  the  component  cells.  In  Fig.  189,/, 
three  cells  are  joined  in  series  and  since  each  has  an  e.m.f.  of  2 
volts,  the  e.m.f.  of  the  battery  is:  2  volts  X  3  cells  =  6  voUs. 
Where  cells  are  connected  in  series,  the  internal  resistance  of 
the  battery  is  equal  to  the  sum  of  the  internal  resistances  of 
the  component  cells.  Stating  these  facts  in  a  formula  which 
follows  from  Ohm's  law  (Art.  134) : 

(«^)  '-Rdvs^)  ^'""^-^ 

Wherein  I  =  current,  in  amperes  in  the  external  circuit.  S  = 
number  of  cells  in  series  in  the  battery.  E  =  e.m.f.  in  volts  of 
each  cell,  from  Table  368,  for  example.  Rx  =  resistance,  in 
ohms,  of  the  external  circuit.  Rj  =  internal  resistance  in  ohms 
of  each  cell,  from  Table  358,  for  example. 

Example. — What  current  will  a  battery  of  six  cells,  connected  in  series 
as  in  Fig.  101,7  and  //,  drive  through  a  circuit  having  an  external  resistance 
of  (a)  0.1  ohm,  (6)  500  ohms?  Each  cell  has  an  e.m.f.  of  2  volts  and  an 
internal  resistance  of  0.6  ohm.    Solxttion. — Substitute  in  the  formula  (96) : 

(a)  With  0.1  ohm  external  resistance: 

J  SXE 0X2 12         _U    _.a7.n.r> 

^  "  R,  +  iSXRi)~  0.1  +  (6  X  0.5)  "  0.1  +  3  "  3.1  "  ^'^^  ^'^^' 

(b)  With  500  ohms  external  resistance: 

J SXE  6X2  _       12_      JL2   .7^.  ^^^ 

^  "  22,  +  (5  X  «/)  "  500  +  (6  X  6.5)  ~  600+  3  "  503  ~  ^'^^^^^P' 

378.  Current  Output  When  Cells  Are  Connected  in  Parallel. — 
With  the  parallel  or  multiple  method  of  connection  (see  Art.  191) 
all  of  the  negative  or  —  poles  are  joined  together  and  in  combina- 
tion constitute  one  terminal.  All  of  the  positive  or  +  poles  are 
likewise  connected  and  in  combination  constitute  the  other 
terminal  as  shown  in  Fig.  190. 

A  Htdraxtlig  Analogy  to  Cells  Connected  in  Parallel  is  shown  in 
Fig.  100|//.  With  the  pumps  connected  in  this  way,  their  pressures  are  not 
added  but  the  pressure  imposed  by  the  group  or  battery  is  the  same  as  the 
pressure  developed  by  any  one  pump.     However,  the  internal  resistance  of 
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the  group  of  three  pumps  in  parallel  is  less  than  the  internal  resistance  of  any 
one  pump.  Similar  conditions  exist  when  primary  cells  are  connected  in 
paraUel. 

The  e.m.f.  of  a  group  or  battery  of  cells  connected  in  parallel 
is  the  same  as  that  of  each  member  of  the  group.  (Cells  of 
different  types,  having  different  e.m.fs.  should  not  be  connected  in 
parallel.)  Therefore,  the  e.m.f.  of  the  battery  of  Fig.  190,7 
is  2  volts.  However,  the  internal  resistance  of  the  battery  de- 
creases as  the  number  of  cells  in  it  is  increased.  If  there  are  two 
cells  in  the  battery  its  internal  resistance  will  be  one-half  that 
of  one  cell;  with  three  cells  the  internal  resistance  will  be  one- 
third  that  of  one  cell  and  so  on.  Connecting  cells  in  parallel  is 
equivalent  to  increasing  the  areas  of  the  plates.  Each  cell 
contributes  an  equal  share  to  the  output  of  the  battery.  Stating 
these  facts  in  a  formula: 
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Fio.  191. — Varying  current  output 


H-Curront «  0,004  Amp. 

by  changing  arrangement  of  cells. 


(96) 


/=        ^ 


^'  +  (f) 


(amp.) 


Wherein  each  letter  has  the  same  meaning  as  in  equation  (95). 

Example. — What  current  will  a  battery  of  six  cells,  connected  in  parallel 
as  in  Fig.  191,///  and  IV  drive  through  a  circuit  having  an  external  resist- 
ance of:  (a)  0.1  ohm,  (&)  500  ohms?  Each  cell  has  an  e.m.f.  of  2  volts  and 
an  internal  resistance  of  0.5  ohm.  Solution. — Substitute  in  the  formula 
(96) :  (a)  With  0.1  ohm  external  resistance: 

E  2  2  2 

tCs    -\ Q-  0.1    -+- 


0.1  +  0.08      0.18 


S        "•"  ^   6 
(&)  With  500  ohms  external  resistance: 
E  2 


I  « 


Re  + 


(Ri) 


500  + 


0.6      500  -f  0.08  "  500.08 
6 


=  0.004  amp. 
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379.  Applications  of  the  Series  and  the  Parallel  Methods  of 
Grouping  Cells. — Tabulating  the  values  of  the  examples  of 
Arts.  377  and  378  and  Fig.  191  we  have: 


Arrancemeni 
ofoelb 

Current 

Eztenukl  eirouii  ol  0.1  ohm 
resistance 

External  circuit  of  500  ohms 

6  cells  in  4en69 

3.87  amp. 
11.1    amp. 

0.024  amp.    • 
0.004  amp. 

6  cellB  in  parallel 

The  table  shows  that  when  the  resistance  of  the  external  circuit 
is  large  the  greatest  current  will  be  obtained  by  connecting  the 
cells  in  series.  Also,  when  the  external  resistance  is  small,  the 
greatest  current  will  be  obtained  by  connecting  the  cells  in 
parallel.    It  can  be  shown  that,  to  secure  maximum  current 
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Fio.  192. — Series  and  parallel  combinations  of  cells. 

output,  the  cells  should  be  so  arranged  that  the  internal  resistance 
of  the  battery  will  be  equal  to  (or  as  nearly  so  as  possible)  the 
resistance  of  the  external  circuit. 

Note. — From  a  consideration  of  Ohm's  law  it  will  be  apparent  that  where 
the  external  resistance  is  small  nothing  can  be  gained  bjr  increasing  the 
e.m.f.  of  the  battery  by  joining  the  cells  in  series  because  this  also  increases 
the  internal  resistance  of  the  battery.  Hence,  the  current  will  be  little 
changed  one  way  or  the  other.  If,  however,  the  external  resistance  is  large, 
the  increase  in  internal  resistance  caused  by  the  joining  of  the  cells  in  series 
is  more  than  offset  by  the  corresponding  increase  in  e.m.f.  It  follows  that, 
where  the  external  resistance  is  large,  the  greater  the  number  of  cells  in 
series  the  greater  will  be  the  current. 

380.  Current  Output  of  Series  and  Parallel  Combinations  of 
Cells. — See  Art.  200  for  definitions  of  the  words  paraUeUseries 
and  series-parallel  and  note  that  with  primary  cells  arranged 
into  a  battery  the  series-parallel  grouping  of  Fig.  192,77  is 
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equivalent  to  the  parallel  series  grouping  of  /.  Following  the 
reasoning  of  the  two  preceding  sections  and  applying  Ohm's  law 
it  can  be  shown  that,  for  any  parallel-series  combination  of  cells: 

^^^^  ^  =  {PXB.)  +  {SXRd  ^^^P-^ 

Wherein  I  =  current,  in  ampere  in  the  external  circuit.  S  = 
number  of  cells  in  series  in  each  parallel  group.  P  =  nimiber  of 
groups  of  cells  in  parallel.  E  =  e.m.f.,  in  volts,  of  each  cell. 
Bx  =  resistance,  in  ohms,  of  the  external  circuit.  Bi  =  internal 
resistance,  in  ohms,  of  each  cell. 

Example.-— What  current  will  the  battery  of  Fig.  192,7  drive  through  the 
external  circuit?  There  are  four  parallel  groups  each  containing  three  cells 
in  series.  The  e.m .f .  of  each  cell  is  2  volts  and  each  has  an  internal  resistance 
of  0.6  ohm.  The  resistance  of  the  external  circuit  is  10  ohms.  Soltjtion. — 
Substitute  in  the  formula  (97) : 

J      PXSXE 4X3X2  _   i?i.  -  n  wi  .im« 

^  '  {PXRs)  +  {SX  Ri)  "  (4  X  10)  +  (3  X  0.5)  ""  41.5  ~  "'^  ^"^P" 


SECTION  19 

ELECTROLYSIS 

381.  Electrolysis  is  the  chemical  decomposition  of  a  con- 
ducting substance  caused  by  the  flow  of  current  through  it. 
One  specific  form  of  electrolysis  is  the  "eating  away"  or  corrosion 
of  underground  metallic  structures  (Art.  383)  due  to  the  passage 
of  stray  electric  currents  from  them.  The  other  important  form 
of  electrolysis  is  the  decomposition  of  electrolytes  by  electric 
currents;  electroplating  (Art.  384)  and  electrotyping  (Art.  385) 
are  practical  examples  of  this.  If  a  current  passes  from  one 
conductor  (positive  plate  or  anode,  Fig.  193,J)  through  an  elec- 
trolyte to  another  conductor  (negative  plate  or  cathode),  the 
electrolyte  will  be  decomposed  and  the  anode  may,  under  certain 
conditions,  also  be  decomposed. 
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Fig.  193. — lUufltrating  electrolysia. 

Example. — If  a  current  be  forced  from  one  platinum  electrode  to  another 
through  a  copper  sulphate  electrolyte,  as  shown  in  Fig.  193,  7,  metallic  cop- 
per will  be  dissociated  from  the  solution  and  deposited  on  the  cathode.  If 
the  action  is  continued  for  a  sufficient  period  {dl  of  the  copper  will  be  ex- 
tracted from  the  solution  and  deposited  on  the  cathode.  The  remaining 
components  of  the  copper  sulphate  will  unite  with  the  water  in  the  solution 
to  form  sulphuric  acid.  This  illustrates  how  an  electric  current  can  decom- 
pose electrolytes.  This  principle  can  be  readily  demonstrated  (Fig.  193,77) 
by  using  a  couple  of  dry  cells  as  a  source  of  energy,  a  couple  of  iron  nails  as 
electrodes  and  a  solution  of  blue  vitriol  (copper  sulphate — ^a  crystal  the  size 
of  a  walnut  in  a  tumbler  full  of  water)  for  an  electrolyte  and  a  glass  tumbler 
for  a  jar. 


Electroljrtes  are  solutions  in  water  of  acids,  bases  (alkalies) 
and  salts.    They  are  decomposed  when  an  electric  current  passes 
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through  them.  The  exciting  solutions  in  primary  and  secondary 
cells  (Art.  332)  and  the  solutions  used  in  electroplating  (Art. 
384)  and  electrotyping  are  examples  of  electrolytes. 

383.  Electrolysis  of  Underground  Metallic  Structures  is 
illustrated  in  Fig.  194.  Direct-current  railway  systems  prac- 
tically alwa3rs  use  the  track  as  a  return  conductor.  The  retiu-n 
current  leaks  from  the  track,  which  is  always  in  contact  with  the 
earth,  and  often  seeks  a  route  of  minimum  resistance  through 
water  mains,  cable  sheaths  and  other  metallic  underground  struc- 
tures. Where  these  leakage  currents  enter  the  buried  metallic 
S3rstems  (A,  Fig.  194)  there  is  no  trouble.  But  at  locations  (J5), 
where  the  stray  currents  leave,  electrolysis — wasting  away  of 
the  metal — occurs. 

None. — ^The  action  is  similar  to  that  of  an  electroplating  process  (Art. 
384).  The  water  main  in  the  illustration  at  B  is  the  anode.  The  chemical 
salts  in  the  earth  in  combination  with  the  moisture  in  it  constitute  an  elec- 
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FiQ.  194. — Illustrating  cause  of  the  electrolysis  of  a  water  mai|i. 

trolyte.  The  ground  plate  or  connection  at  the  generating  station  is  the 
cathode.  With  large  railway  systems  the  leakage  may  be  very  great,  in 
which  case  the  consequent  eating  away  of  underground  metals  is  extensive. 
In  some  cases,  a  pipe  may  be  eaten  entirely  through  in  a  month.  The  most 
effective  method  of  correcting  such  electrolytic  action  is  to  minimize  the 
tendency  for  its  occurrence.  This  can  be  effected  by  connecting  the  station 
ground  directly  with  the  rails  at  various  locations  with  heavy  copper  return 
conductors. 

384.  Electroplating  (Fig.  195). — Whenever  a  current  passes 
through  a  solution  of  a  salt  of  a  metal  the  metal  will  be  extracted 
electrically  from  the  solution  and  deposited  on  the  positive 
plate  or  cathode.  Fig.  193  illustrates  a  sort  of  electroplating  pro- 
cess. Electroplating  consists  in  coating  by  electrolysis  a  baser 
metal  with  copper,  gold,  silver,  nickel  or  almost  any  other  metal. 

Example. — ^Fig.  195  shows  a  silver  plating  outfit.  In  modem  commercial 
outfits  low-voltage,  direct-current  generators  are  practically  always  used  to 
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propel  current  instead  of  primary  cells.  The  process  is  about  as  follows: 
The  surface  of  the  object  to  be  plated  is  thoroughly  cleaned  of  all  fatty 
matter.  The  object  is  connected  to  the  negative  pole  of  the  source  of 
energy.  The  object  thus  constitutes  a  cathode.  The  electrolyte  is  a  solu- 
tion of  some  chemical  salt  of  the  metal  to  be  deposited.  For  silver,  cya- 
nide of  silver  is  used;  for  copper,  copper  sulphate,  etc.  To  maintain  the 
strength  of  the  solution  a  piece  or  anode  of  the  metal  to  be  deposited  is 
attached  to  the  positive  pole  of  the  electricity  source.  The  current  in  flow- 
ing through  the  solution  deposits  the  metal  of  the  solution  on  the  cathode. 
Certain  metals,  such  as  iron,  steel,  zinc,  tin,  and  lead,  cannot  be  plated 
with  certain  other  metals,  such  as  gold  and  silver,  until  after  they  have 
first  been  given  a  thin  plating  of  copper. 

386.  Electrotyping  is  an  electrolytic  process,  similar  to  electro- 
plating, whereby  wood  cuts,  type  and  like  objects  can  be  repro- 
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Fig.  195. — A  silver  electroplating  outfit. 

duced  in  metal,  usually  copper.  An  impression  of  the  object 
to  be  reproduced  is  taken  in  wax,  plaster  of  Paris  or  similar 
moulding  material.  The  surface  of  the  mould  thus  made  is 
thinly  coated  with  some  fine  metallic  substance,  such  as  powdered 
graphite,  to  render  it  conducting.  The  mould  is  then  immersed 
in  a  copper  sulphate  solution  bath  and  its  conducting  surface  is 
so  connected  to  the  positive  pole  of  a  source  of  electrical  energy 
that  it  constitutes  a  cathode.  It  is  then  treated  much  like  any 
other  object  to  be  plated.  When  the  copper  coating  on  it  has 
become  about  the  thickness  of  a  visiting  card,  it  is  removed  and 
reinforced  by  pouring  molten  metal  on  its  back.  If  it  is  to  be 
used  for  printing  it  is  backed  so  as  to  be  the  same  height  as 
type. 
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386.  In  the  Electrolytic  Refining  of  Metals  the  process  is 
somewhat  similar  to  electroplating  (Fig.  196).  The  impure 
metal  to  be  refined  is  suspended  as  an  anode  in  a  solution  of  one 
of  its  salts  (for  copper,  copper  sulphate  solution  is  used).  Cur- 
rent is  forced  through  the  solution  from  these  anodes  to  cathodes. 
Pure  metal  only  is  deposited  on  the  cathode.  The  impurities  in 
the  anodes  fall  to  the  bottom  of  the  tank  as  the  pure  copper  is 
extracted  from  them.  The  electrolytic  refining  of  copper  is  a 
very  important  process  commercially. 


SECTION  20 

STORAGE  BATTERIES 

387.  A  Storage  or  Secondary  Cell  comprises  two  relatively 
inactive  plates  or  electrodes  of  metals  or  metallic  compounds 
immersed  in  an  electrolyte  which  will  not  act  on  the  plates  until 
after  an  electric  current  has  been  forced  through  the  electrolyte 
from  one  plate  to  the  other.  The  action  of  the  current  changes 
the  chemical  relations  of  the  elements  of  the  cell  and  it  will  then, 
when  connected  to  an  external  circuit,  force  current  through  that 
circuit.    In  practice,  several  plates  are  electrically  connected 
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Fig.  196. — Apparatus  for  illustrating  the  principles  of  the  lead  storage  cell. 

together  so  as  to,  in  reality,  form  one  positive  plate  and  several 
other  plates  are  assembled  so  as  to  form  one  negative  plate.  A 
combination  of  a  multiple  negative  plate  and  a  multiple  positive 
plate  made  as  described  and  suspended  in  a  glass  jar  or  other 
container  having  in  it  electrolyte,  constitutes  a  commercial 
storage  cell.  A  storage  battery,  secondary  battery  or  accumulator 
comprises  two  or  more  storage  cells  so  connected  together  as  to 
act  in  conjunction. 

38d.  The  Distinctioa  Between  a  Primary  Cell  and  a  Secondary 
Cell  is  discussed  in  Art.  332.    The  information  there  given  relat- 
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energy  but  will  indicate  the  general  operation  as  suggested  in 
the  following  example: 

Example. — If  two  strips  of  sheet  lead  be  mounted  on  a  block  of  wood  as 
shown  at  Fig.  196,7  and  immersed  in  a  tumbler  of  electrolyte  consisting  of  1 
part  sulphuric  acid  and  10  parts  distilled  or  rain  water,  they  will  constitute  a 
simple  storage  cell.  This  cell  can  be  charged  in  about  30  min.  by  three  dry 
cells  arranged  as  shown — ^with  switch  A  closed  and  B  open.  The  ammeter, 
which  should  be  of  the  "zero  center"  type  so  that  it  will  indicate  the  current 
regardless  of  the  direction  in  which  it  flows,  will  show  the  current  flowing  as 
the  cell  is  charging.  When  the  storage  cell  is  charged,  if  switch  A  be  opened 
and  B  closed,  the  cell  will  discharge.  That  is,  it  will  force  current  through 
the  bell  thereby  causing  it  to  ring. 
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Fig.  199. — Examples  of  storage  cells  having  plates  of  the  two  types. 

As  the  storage  cell  described  above  is  charged,  the  color  of  its  anode  changes 
from  the  gray  natural-lead  color  to  brown.  This  is  caused  by  a  coating  of 
lead  peroxide,  a  compound  of  lead  and  oxygen  formed  on  the  anode  by  the 
passage  of  the  current.  When  the  cell  is  allowed  to  discharge  through  the 
external  circuit  it  really  is  then  one  form  of  primary  cell.  When  discharging, 
the  lead  peroxide  is  reconverted  into  the  metal  lead.  It  will  impel  current 
as  a  primary  cell  until  all  of  the  lead  peroxide  has  been  converted  into  metal- 
lic lead.  There  are  other  chemical  actions  that  occur  in  lead  storage  cells 
but  the  one  indicated  above  is  probably  the  most  important. 

394.  Efficiency  of  a  Storage  Cell. — ^A  storage  cell  resembles 
every  other  mechanical  or  electrical  device  in  one  respect,  in 
that  it  is  impossible  to  get  out  of  it  all  of  the  energy  imparted 
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to  it.  With  a  lead  storage  cell  or  battery,  only  about  76  per  cent, 
of  the  energy  imparted  to  it  on  "charge"  can  be  recovered  on 
"discharge."  That  is,  the  efficiency  of  the  lead  storage  battery 
(Art.  400)  is  about  75  per  cent.  The  efficiency  of  the  Edison 
battery  (Art.  405)  is  said  to  be  60  per  cent.  The  loss  of  energy 
in  the  cell  is  largely  caused  by  the  P  X  R  loss  (Art.  167)  due  to 
the  passage  of  the  current  through  the  electrolyte  both  in  charg- 
ing and  in  discharging. 

Example. — If  a  storage  battery,  which  has  an  efficiency  of  76  per  cent.,  is 
charged  with  1,000  kw.-hr.  of  energy,  the  energy  that  can  be  recovered  on 
discharge  will  be:  1,000  X  0.75  =750  kw.-hr. 

396.  The  Unit  of  Capacity  of  Any  Storage  Cell  Is  the  **  Ampere- 
hour"  and  the  capacity  is  usually  based  on  the  normal  or  8-hour 
rate  of  discharge. 

Example. — A  lOO-amp.-hr.  battery  will  provide  a  continuous  current  of 
12.5  amp.  for  8  hr.  Theoretically  the  cell  should  give  a  discharge  of  25  amp. 
continuously  for  4  hr.  or  50  amp.  for  2  hr.  Actually,  however,  the  ampere- 
hour  capacity  decreases  as  the  rate  of  discharge  increases. 

396.  What  Determines  the  Capacity  of  a  Storage  Cell  or  Bat- 
tery.— The  capacity  of  a  cell  is  proportional  to  the  area  of  the 
plates  exposed  to  the  electrolyte  and  it  depends  on  the  quantity 
of  active  material  on  these  plates.  It  follows  that  the  capacity  of 
a  battery  depends  on  the  exposed  area  and  the  number  of  plates 
in  parallel,  their  character,  the  rate  of  discharge  and  also  on  the 
temperature.  With  the  standard  8-hr.  rate  of  discharge  and  a 
temperature  of  60  deg.  F.,  the  capacities  which  obtain  in  Ameri- 
can practice  are  from  40  to  60  amp.-hr.  per  sq.  ft.  of  positive 
plate  surface  =  number  of  positive  plcUes  in  parallel  X  length  X 
breadth  X  2. 

397.  The  Voltage  of  a  Storage  Cell  is  determined  solely  by  the 
character  of  the  electrodes,  the  density  of  the  electrolyte  and  the 
condition  of  the  cell.  It  is  independent  of  the  size  of  the  cell. 
In  these  respects,  the  e.m.f.  of  a  storage  cell  depends  on  the  same 
factors  that  determine  the  voltage  of  a  primary  cell.  See  Art.  340. 
See  Figs.  197  and  198  for  graphs  showing  the  voltages  of  storage 
cells  under  diflferent  conditions  of  charge  and  discharge.  The 
voltage  of  a  lead-sulphuric-acid  storage  cell  when  being  charged 
is  from  2.0  to  2.5  volts,  while  on  discharge  it  varies  from  2.0 
down  to  1.7  volts.  The  voltage  of  the  Edison  cell  on  charge 
varies  from  about  1.5  volts  to  1.8  volts  while  on  discharge  it 
decreases  from  1.5  volts  down  to  1.0  volt. 
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398.  To  Obtain  High  Battery  Voltages  with  Storage  Cells  a 

number  of  cells  of  suitable  ampere-hour  capacity  are  connected 
in  series.  Thus  for  a  100-volt  circuit,  approximately  60  cells 
connected  in  series  would  be  required. 

399.  There  Are  Two  General  Classes  of  Storage  Cells  In  Use. — 

The  lecui-sulphuric^^icid  cells  (Fig. 
199),  described  more  in  detail  in 
Art.  400  and  the  nickel4ron  or 
Edison  cell  (Fig.  200),  treated  in 
Art.  406. 

400.  Lead  Storage  Cells.  The 
Two-General  Tjrpes. — In  all  lead- 
sulphuric-acid  cells  the  active  ma- 
terials are  lead  peroxide  and  sponge 
lead  and  they  are  immersed  in  a 
dilute  sulphuric-acid  electrolyte. 
The  lead  peroxide  is  on  the  posi-' 
tive  electrode  and  the  sponge  lead 
on  the  negative  electrode.  These 
active  materials  are  poor  conduc- 
tors and  are  soft,  hence  they  are 
supported  in  a  frame  or  grid — 
usually  of  lead-antimony  alloy — 
which  provides  mechanical 
strength  and  conductivity.  The 
electrolyte  does  not  attack  this 
alloy,  hence  there  is  no  local  action. 
A  graph  indicating  tjrpical  charac- 
teristics of  lead  storage  cells  is 
shown  in  Fig.  198.  The  two  types 
of  plates  are: 

1.   ThB     PlANT6    OB     FOBMED    TyPE 

(Fig.  202).— In  this  type  of  plate  the 

active  materials  are  formed  by  chemical 

processes  out  of  and  on  the  lead  surfaces 

of  the  plates  themselves.     The  Gould  cell  is  an  example  of  one  that  uses 

Plants  plates. 

2.  The  Faube  ob  Pasted  Type  (Fig.  203).— Plates  of  this  type  are  made 
by  applying  the  active  material  by  some  mechanical  process,  such  as  mixing 
it  into  a  paste  and  spreading  it  on  the  surface  or  into  the  interstices  of  the 
grid  or  plate.     The  pasted  material  has  in  it  some  substance  which  causes  it 


Fig.     200. — Showing    general  "con- 
struction of  Edison  storage  cell. 


to  set  or  harden, 
pasted  plates. 


The  Chloride  Accumulator  is  an  example  of  a  cell  using 
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401.  The  Essential  Differences  Between  the  Plante   and 
Pasted  Plates  are :  For  a  given  output  Plants  plates  are  more 
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FiQ.  201. — Plates  of  the  Edison  or  nickel-iron  storage  cell. 
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III- Elements  Assembled 

Fio.  202. — Elements  of  a  lead  storage  cell  using  Plants  or  formed  plates. 


expensive,  more  bulky  and  heavier  than  the  equivalent  pasted 
plates.    They  are  also  more  easily  injured  by  impurities  in  the 
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(electrolyte.  They  are,  however,  capable  of  standing  more  rapid 
charging  and  discharging  rates  without  injury.  They  are  less 
liable  to  lose  their  active  material  and  be  injured  by  the  accumu- 
lation of  sediment  in  the  bottom  of  the  cells.  They  are  more 
durable  and  have  longer  life.  In  general  they  are  a  more 
dependable  type  of  plate  than  the  pasted.  The  pasted  plates, 
however,  for  a  given  output,  are  cheap,  Ught  and  occupy  a  smaller 
space.  They  also  are  not  so  badly  damaged  by  impurities  in  the 
electrolyte.  The  efficiency  of  pasted  cells  is  lower  at  high  cur- 
rent rates  than  that  of  the  Plants  type. 

402.  Application  of  Plants  and  Faure  or  Pasted-type  Cells. — 
Each  has  appUcations  for  which  it  is  best  suited.  For  work  such 
as  motor-car  propulsion  the  pasted  cell  is  better  adapted  than  the 
Plants  because  of  its  Ught  weight  and  low  cost.     (The  nickel- 
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1  -  Positive  Plate  I  -  Negoit ivc  Plate 

Fio.  203. — Plates  of  a  lead  storage  cell  using  pasted  plates. 

iron  or  Edison  cell  (Art.  405)  is  now  being  widely  used  for  motor- 
car applications.)  For  power-station  service,  the  Plants  cell  is 
the  more  suitable.  There  are  certain  classes  of  service  for  which 
either  type  is  fairly  well  adapted,  namely:  Train-Ughting,  rail- 
way-signal and  telephone  work.  In  each  specific  case  all  of  the 
conditions,  commercial  as  well  as  technical,  should  be  considered 
before  the  type  that  is  most  suitable  for  the  requirements  is 
determined. 

403.  To  Distinguish  the  Electrodes  of  Lead  Storage  Cells. — 
The  electrode  which  is  the  cathode  (Art.  334)  when  the  cell  is 
being  discharged  is  the  positive  plate.  The  other  electrode  is 
the  negative  plate.  The  positive  plate  always  has  one  less  grid 
than  the  negative.  Furthermore,  the  positive  plate  is  reddish 
brown  in  color  while  the  negative  plate  is  dark  gray. 
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404.  Maintenance  and  Operation  of  Lead-sulphuric-acid 
Storage  Cells. — It  is  not  possible  to  give  here  complete  instruc- 
tions because  each  manufacturer  has  specific  directions  for  his 
make  of  cell.  Any  manufacturer  will  furnish  complete  data  on 
request  or  will  answer  specific  questions.  The  most  important 
points  are  these: 

Electrolyte. — Be  sure  the  electrolyte  is  free  from  injurious  impurities. 
Keep  electrolyte  well  above  tops  of  plates.  Maintain  the  specific  gravity  of 
the  electrolyte  at  the  density  specified  by  the  manufacturer  of  the  battery. 
Do  not  let  the  density  of  the  electrolyte  in  any  cell  differ  from  the  standard 
density  more  than  0.005.  Thus  a  cell  having  normal  density  of  1.200  must 
register  above  1.205  and  below  1.195  when  fully  charged.  Test  each  cell 
with  hydrometer  once  a  week  at  least. 

Cells. — Keep  cells  cleaned  out  and  remove  sediment  when  it  has  depos- 
ited metal  near  the  lower  edges  of  the  plates.  Be  sure  separators  are  all  in 
place  and  in  good  order.  Note  any  evidences  of  tank  leakage  and  correct  at 
once.     Maintain  insulation  of  cells  from  ground  and  from  each  other. 

Charqino  and  Discharging. — Begin  charge  immediately  after  the  end 
of  discharge  or  as  soon  thereafter  as  practicable.  Do  not  continue  charge 
after  the  negative  plates  begin  to  give  off  gas,  except  the  occasional  ''boiling '' 
to  be  mentioned  later.  Never  let  charging  current  faU  below  the  S-hr.  rate 
except  toward  the  end  of  charge,  and  stop  discharge  when  the  battery 
potential  falls  to  1.75  volts  per  cell  with  the  normal  current;  1.70  volts  per 
cell  discharging  at  the  4-hr.  or  1.60  volts  per  cell  discharging  at  the  1-hr.  rate. 

Plates. — ^Watch  the  colors  of  the  plates  and  if  they  begin  to  grow  lighter 
treat  at  once  for  removal  of  sulphate. 

Overcharge. — Give  the  battery  a  prolonged  overcharge  about  once  a 
month.  This  over-charge  should  continue  at  about  60  per  cent,  of  the  8-hr. 
rate  until  free  gassing  of  the  negative  plates  has  continued  for  1  hr. 

406.  The  Nickel-iron  or  Edison  Storage  Cell  (Fig.  200)  is 
the  result  of  an  effort  to  overcome  certain  of  the  undesirable 
features  of  lead-sulphuric-acid  cells.  It  is  a  radical  departure 
therefrom  in  every  detail  of  construction.  The  positive  plate, 
J,  Fig.  201,  consists  of  hollow,  perforated,  sheet-steel  tubes  filled 
with  alternate  layers  of  nickel  hydrate  and  metallic  nickel. 
The  hydrate  is  the  active  material.  The  nickel,  which  is  made  in 
the  form  of  microscopically  thin  flakes,  is  added  to  provide  good 
conductivity  between  the  walls  of  the  tube  and  the  remotest 
active  material.  The  negative  plate,  II,  Fig.  201,  is  made  up  of 
perforated,  flat,  sheet-steel  boxes  or  pockets  loaded  with  iron 
oxide  and  a  small  amount  of  mercury  oxide.  The  oxide  is  added 
to  provide  conductivity.  The  grids  which  support  these  tubes 
and  pockets  are  punchings  of  sheet  steel.  The  cell  terminals  and 
container  are  likewise  of  steel  and  all  metallic  parts  are  heavily 
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nickel  plated.  The  electrolyte  is  a  21  per  cent,  solution  of  caus- 
tic potash  containing  also  a  small  amount  of  lithium  hydrate. 
All  separators  and  insulating  parts  are  of  rubber. 

406.  The  Chief  Characteristics  of  the  Edison  Storage  Cell  are: 
ruggedness,  due  to  its  solid,  steel  construction;  low  weight,  be- 
cause of  its  stronger  and  lighter  supporting  metal;  long  life,  be- 
cause of  the  complete  reversibility  of  chemical  reactions  and  the 
absence  of  shedding  active  material;  and  low  cost  of  maintenance, 
due  to  its  freedom  from  the  troubles  such  as  sulphation,  so  com- 
monly encoimtered  in  storage-battery  practice,  and  from  the 
necessity  of  internal  cleaning  and  plate  renewals.  The  impor- 
tance of  these  features  should  be  considered  in  each  proposed 
installation.  The  efficiency  of  the  Edison  cell  is  about  60 
per  cent,  as  against  75  per  cent,  for  the  lead  cells;  however,  this 
disadvantage  of  lower  efficiency  is  more  than  oflfset  in  certain 
services  because  of  its  reliability,  light  weight,  ruggedness  and 
low  maintenance  cost.  The  Edison  cell  has  attained  its  chief 
prominence  in  electric-vehicle  propulsion  and  in  train-lighting 
service.    See  Fig.  197  for  charge  and  discharge  graph. 

407.  The  Chemical  Action  in  the  Edison  Storage  Cell  is  as 
Follows. — ^The  charging  current  causes  an  oxidation  of  the 
positive  plate  aild  a  reduction  of  the  negative.  That  is,  oxygen 
is  added  to  the  -|-  plate  and  taken  away  from  the  —  plate.  On 
discharge  these  operations  are  reversed.  The  electrolyte  acts 
merely  as  a  medium  and  does  not  enter  into  combination  with 
any  of  the  active  material  as  it  does  in  the  acid  cells.  Its  spe- 
cific gravity  remains  practically  constant  throughout  the  com- 
plete cycle  of  charge  and  discharge.  The  charge  and  discharge 
graphs  are  shown  in  Fig.  197. 

408.  In  Maintaining  Edison  Storage  Cells,  the  attention  neces- 
sary is  of  the  simplest  character.  The  principal  requirement  is 
that  the  electrolyte  be  replenished  from  time  to  time  with  dis- 
tilled water  so  that  the  plates  will  be  entirely  immersed  and  that 
the  outsides  of  the  cells  be  kept  clean  and  dry,  for  if  the  exteriors 
of  the  cells  are  not  kept  clean  there  will  be  current  leakage  and 
consequent  corrosion  of  the  containers  by  electrolysis. 

409.  Charging  Storage  Batteries. — ^The  arrangements  that 
are  desirable  for  properly  charging  large  storage  batteries,  such 
as  those  used  in  central-station  and  railway  service  are  relatively 
complicated  and  can  not  be  adequately  discussed  in  the  space 
available  here.    For  information  concerning  them,  the  reader  is 
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referred  to  the  books  on  storage-battery  engineering.  The 
voltage  of  the  charging  source  must  always  be  greater  than  the 
discharging  voltage  of  the  battery  being  charged^  as  outlined  in 
Art.  391.  The  charging  current  should  be  so  controlled  that  the 
charging  will  be  at  the  normal,  8-hr.  rate  as  indicated  in  Art. 
404.  Charging  current  must  always  flow  through  the  battery 
from  the  positive  pole  to  the  negative  pole,  that  is,  in  a  direction 
opposite  to  that  in  which  the  discharge  current  flows: 

DiBBcnoNs  FOR  Charoing  Small  Batteries. — Alternating  current  can 
not  be  used  directly.  When  it  only  is  available  it  must  be  converted  to 
direct  current  by  means  of  motor-generators,  rotary  converters,  or  mercury- 
vapor  converters.  Connections  are  shown  in  Fig.  204  for  charging  small 
storage  batteries  from  direct-current  mains.  An  ammeter  in  the  circuit  is 
convenient  but  not  absolutely  necessary  and  lamps  or  a  rheostat  (Fig.  204, 


I  -Charging  Frqm  500  V.  Mams  I-  Charging  from  IIO  V.  Mains 

Fio.  204. — Connections  for  charging  small  storage  batteries. 
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///)  are  used  to  vary  the  current.  A  16-c.p.,  110-volt,  carbon-filament 
lamp  has  about  220  ohms  resistance  and  will  carry  0.5  amp.;  a  similar  lamp 
of  32-c.p.  rating  has  about  1 10  ohms  resistance  and  will  carry  1  amp.  There- 
fore, the  charging  current  from  110-volt  mains  (Fig.  204,//)  can  be  limited 
to,  say,  5  amp.  by  connecting  five  32-c.p.  lamps  in  parallel,  or  from  500- 
volt  mains  (Fig.  204,/)  by  connecting  in  parallel  five  series  of  lamps,  each 
series  containing  five  32-c.p.  lamps.  In  both  cases,  two  16-c.p.  lamps  in 
parallel  can  be  used  in  place  of  each  32-c.p.  lamp. 


410.  Applications  of  Storage  Batteries. — ^The  following  tabula- 
tion from  the  Ambbican  Handbook  for  Elbctrical  Engineers, 
published  by  Wiley  and  Sons,  indicates  the  principal  applica- 
tions of  storage  batteries: 
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Central 
stations 


Isolated 
plants 


1.  Emergency  reserve  or  "stand-by"  service. 

2.  Load  or  voltage  regulation. 

3.  Taking  peaks. 

4.  Day  load  on  small  systems. 

5.  Exciter  reserve. 

6.  Remote-control  switch  operation. 

1.  Mine  hoists,  steel  mills  and  other  heavy  motor  regulation. 

2.  Carrying  entire  load  during  certain  hours  of  light  load. 

3.  Load  and  voltage  regulation  in  office  buildings  and  hotels 
where  electric  elevators  are  in  service. 

4.  Giving  24-hr.  service  in  residences. 

5.  Operation  of  drawbridges. 

Miscellaneous  Applications  of  Storage  Batteries: 

1.  Regulation  of  voltage  on  long  feeders  of  trolley  S3rstems. 

2.  Propulsion — ^trucks,  street  cars,  submarine  boats,  launches,  etc. 

3.  Gas-engine  ignition. 

4.  Railway  car  lighting — ^train  lighting. 

5.  Railway  signalling. 

6.  Telephone  and  telegraph. 

7.  Portable  and  smallnstationary  lamps. 

8.  Fire  and  burglar-alarm  systems. 

9.  Electrotyping. 

10.  Dental  and  other  surgical  work. 

11.  Source  of  constant  potential  and  current  in  laboratory  work. 

12.  For  changing  voltage  by  charging  the  cells  in  series  and  discharging 
them  in  parallel — or  the  reverse. 

13.  For  providing  the  different  voltages  for  a  multi-voltage  system,  as 
for  a  three-wire  system  or  a  five-wire  sjrstem. 

14.  For  automobile  starting  and  lighting. 

411.  Storage  Batteries  on  Systems  Having  Fluctuating  Loads. 
— ^A  central  station  supplying  a  load  that  is  subject  to  sudden  and 
extreme  variations  (Fig.  205)  must,  unless  a  storage  battery  is 
used  have  a  generating  capacity  sufficient  to  supply  the  maxi- 
mum. However,  if  a  storage  battery  is  installed  the  generating 
capacity  need  be  only  sufficient  for  the  average  demand.  The 
battery  is  so  arranged,  somewhat  as  indicated  in  Fig.  206,  that 
it  will  be  charged  when  the  load  demand  is  below  the  average 
and  will  discharge  when  the  load  demand  is  above  the  average. 
Thus,  the  battery  maintains  a  practically  constant  load  on  the 
generating  equipment.  This  minimizes  wear  and  tear  on  the 
machinery  and  permits  the  operation  of  the  machinery  at  a 
constant  load  that  will  insure  high  efficiency. 

412.  Storage  Batteries  for  Canying  Part  of  the  Load  at  Times 
of  Heavy  Demand,  that  is,  at  times  of  peak  load:  With  certain 
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classes  of  central  station  service,  the  load  for  some  portion  of 
each  24  hr.  is  always  greater  than  during  the  balance  of  each  daily- 
period.  For  example,  with  electric-Ughting  stations  there  is 
always  a  ''peak"  in  the  evening  from 
about  5:00  P.M.  to  10:00  P.M.,  as 
shown  in  the  graph  of  Fig.  207,JJ. 
Where  storage  batteries  are  not  used, 
suflScient  generating  capacity  must 
be  provided  to  carry  the  peaks.  But 
if  a  storage  battery  is  installed,  as 
suggested  in  Fig.  206,  of  the  proper 
capacity,  it  in  conjunction  with  the 
generators  can  handle  the  peak.  The 
battery  is  charged  during  periods  of 
light  had  and  discharges  during  the  peak  period. 

Note. — By  this  arrangement  the  load  on  the  generating  machinery  is 
maintained   reasonably  constant.     The  generating  equipment  will  then 
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FiQ.  205. — Graph  indicating 
fluctuation  of  current  of  a  rail- 
way load. 
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^..OirwcUUrnnt      "^'—-Switch 
Gtnerettor 
Fio.  206. — Elementary  diagram  showing  how  a  storage  battery  is  applied  for 
"stand-by"  or  peak-load  service. 


operate  at  good  economy  and  first  cost  will  be  less  than  if  a  storage  battery  is 
not  used.  However,  the  storage  battery  will  also  involve  investment  and 
operating  costs.    Hence,  a  comparison  should  always  be  made  for  each  spe- 
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Fig.  207  — Graphs  indicating  applications  of  storage  cells, 


cific  case  to  ascertain  whether,  in  the  long  run,  it  will  be  more  economical  to 
install  a  storage  battery  to  assist  during  the  peak  or  to  install  additional  gen- 
erating equipment  to  handle  the  peak. 
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413.  Storage  Batteries  for  Carrying  the  Entire  Load  During 
Certain  Hours  are  arranged  as  diagrammatically  indicated  in 
Fig.  206.  In  certain  cases,  in  isolated  plants  particularly,  the 
load  may  be  so  small  during  certain  hours,  as  shown  in  Fig. 
207,7,  that  it  is  very  expensive  to  operate  generating  equipment 
to  supply  it.  In  such  cases  a  storage  battery  may  be  installed. 
The  battery  can  be  charged  while  the  generators  are  in  operation. 
When  the  load  becomes  light  the  generators  can  be  shut  down 
and  the  battery  switched  on  the  line  to  carry  the  entire  load. 
The  graph  of  Kg.  207,7,  illustrates  this  situation. 

414.  Storage  Batteries  Are  Well  Adapted  for  Certain  Classes 
of  Laboratory  and  Testing  Work  because  the  e.m.fs.,  hence  the 
currents,  supplied  by  them  are  perfectly  steady — ^they  are  not 
subject  to  the  variations  that  obtain  when  current  is  propelled 
by  generators  driven  by  engines  or  other  prime  movers. 
Furthermore,  a  variety  of  voltages  may  be  obtained  from  one 
battery  by  using  different  series  and  multiple  arrangements  of 
the  cells. 


SECTION  21 
ELECTROMAGNETIC  INDUCTION 

416.  Relation  Between  Magnetism  and  Electricity. — ^In  pre- 
ceding sections  (Art.  204)  it  has  been  demonstrated  that  when- 
ever a  current  (of  electrons)  flows  through  a  conductor,  mag- 
netism— ^a  flux  of  lines  of  magnetic  force — develops  in  the  neigh- 
borhood of  the  conductor.  That  is,  a  current  of  electricity 
or  electrons  in  motion  produces  magnetism.  Static  electricity 
or  electricity  at  rest  does  not  produce  magnetism.  It  will  now 
be  shown,  in  the  sections  immediately  following,  that  this  process 
is,  in  a  measure,  reversible.  That  is,  a  flux  of  magnetism  can, 
by  proper  manipulation,  be  made  to  produce  a  current  of 
electricity. 

Invariably,  thp  first  requirement  if  a  current  of  electricity  is 
to  be  made  to  flow  is  the  production  of  an  e.m.f.  (Art.  123).  It 
follows,  then,  that  if  it  is  desired  to  circulate  a  current  of  elec- 
tricity by  means  of  a  magnetic  flux,  the  first  step  must  be  to 
generate  an  e.m.f.  by  means  of  that  flux.  How  this  can  be  done 
will  be  shown.  Then,  if  the  e.m.f.  thus  generated  be  impressed 
on  a  closed  circuit,  a  current  of  electricity  will  be  driven  around 
the  circuit.  In  this  way  a  flux  of  magnetism  can  be  made  to 
move  electrons,  that  is,  to  propagate  an  electric  current. 

416.  Electromagnetic  Induction  is  that  phenomenon,  discussed 
in  detail  in  following  articles,  whereby  an  e.m.f.  is  induced  in 
any  conductor  that  cuts  across  or  is  cut  by  a  magnetic  flux. 
Do  not  confuse  "electromagnetic  induction"  with  electrostatic 
induction  or  magnetic  induction  (Art.  64)  which  are  entirely 
different,  but  related,  phenomena. 

417.  Importance  of  the  Principle  of  Magnetic  Induction. — 
This  principle  is  of  great  commercial  importance  because  on  it 
depends  the  operation  of  dynamos  or  generators  (Art.  509). 
As  suggested  elsewhere  (Art.  374),  electrical  energy  can  be 
developed  with  generators  more  cheaply  than  by  any  other 
means — ^at  much  lower  cost  than  by  primary  cells  (Art.  330). 
If  magnetic  induction  had  never  been  discovered  and  it  were 
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now  necessary  for  us  to  depend  on  primary  cells  for  the  genera- 
tion of  electrical  energy,  it  is  obvious  that  the  use  of  electricity 
would  be  exceedingly  restricted.  The  numberless  present-day 
electrical  applications  and  the  modern  wonderfully  extensive 
development  would  be  out  of  the  question.  Furthermore,  the 
long-distance  transmission  of  electrical  energy  would  not  be 
commercially  possible  were  it  not  for  the  principle  of  magnetic 
induction  because  it  is  on  this  principle  that  transformers 
(Art.  826)  also  depend  for  their  operation.  Without  trans- 
formers long-distance  electrical  transmission  would  not  be 
feasible. 

418.  Whenever  a  Conductor  Cuts  Across  Lines  of  Force  an 
E.m.f .  Is  Induced  in  That  Conductor,  or,  what  amounts  to  the 
same  thing,  whenever  a  flux  of  lines  of  force  cuts  across  a  conductor 
an  e.m.f.  is  induced  in  the  conductor.  Michael  Faraday  dis- 
covered these  important  facts  in  1831.  If  the  conductor  in 
which  ^the  e.m.f.  is  induced  forms  part  of  a  closed  circuit,  it 
(the  e.m.f.)  will  drive  a  current  of  electrons  through  the  circuit. 
Such  a  current  is  an  induced  current  or  an  induction  current. 

Note. — Instead  of  the  statement,  "Whenever  a  conductor  cuts  across 
lines  of  force  an  e.m.f.  is  induced  in  that  conductor'*  the  following  synony- 
mous statements  are  sometimes  used:  (1)  "When  a  magnetic  flux  within 
a  loop  of  wire  varies  with  the  time,  an  e.m.f.  is  induced  in  the  loop." 
(2)  "Whenever  the  number  of  magnetic  lines  linking  a  circuit  is  changed  an 
e.m.f .  is  developed  in  the  conductor  forming  the  circuit." 

The  idea  of  **cuUing  of  lines"  appears  preferable  to  that  of  "variation  of 
flux"  or  "linking  of  flux"  because  it  seems  that  the  idea  of  cutting  is  the  more 
readily  understood.  Furthermore,  a  complete  loop  or  circuit  is  not  neces- 
sary for  the  development  of  an  e.m.f.  An  e.m.f.  can  readily  be  induced  in  a 
short  straight  piece  of  wire  not  forming  a  closed  circuit  and  not  connecting  to 
anything.  However,  no  current  can  flow  unless  the  e.m.f.  thus  induced  is 
impressed  on  a  closed  circuit. 

Relative  to  this  situation,  Carl  Hering  has  made  experiments*  which  tend 
to  prove  that  an  e.m.f .  can  not  be  induced  by  a  magnetic  flux  unless  the  flux 
actually  cuts  the  conductor  or  unless  the  flux  is  actually  cut  or  sheared 
by  the  conductor. 

419.  An  E.m.f.  Is  Also  Induced  in  a  Non-conductor  When  It 
Cuts  Lines  of  Forcef  or  when  lines  of  force  cut  it.  This  has  been 
proven  by  experiment.    But  since  current  can  not  flow  in  a  non- 

*  Tranb.  a.  I.  E.  E..  Vol.  27  (1008),  part  2.  p.  1341.  A  list  of  other  referencos,  boaring 
on  this  matter,  is  given  in  Karapetoff's  Thb  Maonrtic  Circuit  (MoGraw-HiU,  1911)  at 
the  foot  of  p.  67. 

t  For  additional  information  see  Phil.  Traks.,  Royal  Society  of  London,  Vol.  201  A,  p.  121, 
1906.  Also  PROC.  Rot.  Spc,  Vol.  73.  p.  490.  1904.  Also  Fleming's  Propaoatiov  op 
Electric  Citrrbntb.  p.  50,  Van  Noetrand,  N.  Y. 
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conductor,  this  method  of  generating  an  e.m.f.  is  of  little  com- 
mercial importance  and  will,  therefore,  not  be  discussed  further. 

420.  Why  It  Is  That  an  E.m.f.  Is  Induced  in  a  Conductor 
When  the  Conductor  Cuts  or  Is  Cut  by  Flux  Is  Not  Known. — 
The  statement  must  be  accepted  as  that  of  a  fact  that  can  be 
readily  demonstrated  by  experiment. 

Note. — We  know  that  when  a  conductor,  forming  part  of  a  closed  circuit, 
is  moved  through  flux  that  the  electrons  in  the  conductor  are  thereby  forced 
to  move,  thus  creating  an  electric  current.  Even  if  the  circuit  is  open,  and 
part  of  it  cuts  through  flux,  there  is  a  tendency  toward  making  the  electrons 
move — an  e.m.f .  is  established.  That  is,  if  electrons — ^those  in  the  conductor 
— ^are  moved  through  a  magnetic  field  there  is  always  a  tendency  to  push 
them  out  of  the  field  sidewise. 

421.  The  Flux  Whereby  an  E.m.f.  Is  Induced  May  Be  Pro- 
duced by  Any  Possible  Method. — It  may  be  produced  by  either 
a  permanent  magnet,  or  an  electromagnet  or  it  may  be  the  cir- 
cular flux  enveloping  a  conductor  carrjdng  current.  Providing 
the  resulting  flux  has  the  same  number  of  lines,  an  e.m.f.  can, 
theoretically,  be  induced  with  equal  facility  with  the  flux  pro- 
duced by  any  of  the  methods.  A  flux  of  lines  of  force  has  the 
same  general  properties  regardless  of  the  method  of  its  production. 
However,  in  the  practical  generation  of  e.m.fs.,  a  strong  flux  can 
be  produced  more  readily  by  electromagnets  than  by  other 
means.  Hence,  electromagnets  are  utiUzed  in  all  practical  e.m.f. 
generators. 

ExAMPLB.-^An  e.m.f .  can  be  induced  in  a  wire  by  swinging  the  wire  (which 
is  connected  into  a  closed  circuit  through  a  galvanometer)  through  the  flux 
due  to  the  earth's  field  (Art.  66).  Whenever  it  is  swung  so  as  to  shear 
through  the  flux,  a  deflection  of  the  galvanometer  will  indicate  the  existence 
of  an  induced  e.m.f.  When  the  wire  is  not  cutting  flux,  no  e.m.f.  will  be 
induced. 

422.  An  Example  of  the  Generation  of  an  £.mi.  by  a  Conductor 
Cutting  a  Flux  is  illustrated  in  Fig.  208.  The  flux  of  magnetic 
lines  of  force  flows  out  of  the  N  pole  face  of  the  permanent  magnet 
across  the  air  gap  and  into  the  S  pole  face — since  flux  always 
flows  from  N  pole  to  S  pole.  Assume  that  a  piece  of  any  con- 
ductor is  first  held  in  the  position  AA'  and  then  moved  down- 
wardly through  position  BB'  to  final  position  CC\  In  moving 
from  A  A'  to  CC  it  will  cut  through  all  of  the  lines  comprising  the 
flux  between  the  two  pole  faces.  While  the  conductor  is  cutting 
lines  an  e.m.f.  will  be  induced  in  it.    Obviously  the  conductor 
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can  cut  no  lines  unless  it  is  in  motion;  hence,  no  e.m.f.  can  be 
generated  (the  pole  faces  and  flux  being  stationary)  unlesa  the 
conductor  is  moved  and  thereby  cuts  lines. 

If  the  conductor  were  held  stationary  at  -4-4'  and  the  pole  faces 
and  their  flux  were  moved  upward  (at  the  same  rate  of  speed  as 
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FiQ.  208. — Generation  of  E.M.F.  by  cutting  lines  of  force. 

that  at  which  the  conductor  was  moved  downward)  imtil  the 
conductor  assumed  position  CC  in  relation  to  the  poles,  the  effect 
would  be  precisely  the  same  as  if  the  conductor  were  moved 
downward  through  the  flux.    An  e.m.f.  is  induced  in  the  con- 
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Fio.  209. — Illustrating  application  of  right-hand  rule  for  determining  the  direc- 
tion of  an  induced  E.M.F. 


ductor  whenever  a  flux  cuts  a  conductor  or  the  conductor  cuts  a 
flux.  The  e.m.f.  is  induced  in  the  conductor  whether  the  circuit 
is  open  as  shown  in  Fig.  208,  or  closed  as  in  Fig.  209,77.  How- 
ever, when  the  circuit  is  open  no  current  can  flow,  but  the  exist- 
ence of  the  e.m.f.  can  be  detected  with  a  voltmeter— as  for  instance 
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by  clofiing  the  switches  of  Fig.  208.    An  electrostatic  voltmeter, 
which  does  not  permit  current  to  flow  through  it,  can  be  used. 

423.  If  an  E.m.f.  Is  to  Be  Induced  in  a  Conductor,  Lines  of 
Force  Must  be  Sheared  or  Cut  Through  by  the  Conductor. — 
This  may  be  accomplished  either  by  pushing  the  conductor 
through  the  lines  so  that  it  shears  some  or  all  of  them  or  by  mov- 
ing the  flux  of  lines  so  that  the  lines  cut  through  the  conductor. 
If  a  conductor  is  moved  in  a  magnetic  field  in  a  direction  parallel 
to  the  direction  of  the  Unes,  no  lines  will  be  sheared  and  hence  no 
e.m.f.  can  be  developed. 

424.  The  Effect  on  a  Magnetic  Field  When  It  Cuts  or  Is  Cut 
by  a  Conductor. — It  might  be  inferred  that  the  generation  of 
e.m.fs.  and  consequent  production  of  currents  by  electromag- 
netic induction  (Art..  416)  would  weaken  or  change  the  intensity 
of  the  magnetic  field,  the  lines  of  which  were  cut  or  sheared  to 
induce  the  e.m.f.  Such,  however, 
is  not  the  case.  When  a  flux 
cuts  a  conductor,  either  by  the 
movement  of  the  conductor  or 
of  the  flux,  the  strength  of  the 
field  is  in  no  way  affected.  It  is 
obvious  that,  if  current  is  forced 
through  a  conductor  by  an  in- 
duced e.m.f.,  electrical  energy  is 
generated.  The  question  then 
arises:  How  does  this  energy  originate?  This  is  answered  in 
Art.  437. 

426.  The  Relation  of  the  Directions  of  Motion,  E.m.f.  and 
Flux,  where  the  e.m.f.  is  developed  by  a  conductor  cutting  lines 
of  force,  is  indicated  in  Fig.  210.  The  directions  are  always  at 
right  angles  to  one  another  and  are  always  in  the  relation  shown. 
If  the  flux  moves  to  cut  the  conductor,  the  direction  of  motion  of 
the  flux  will.be  opposite  to  the  direction  of  motion  of  the  condudor 
which  is  shown  in  Fig.  210;  however,  in  this  case  i]i%  equivalent 
direction  of  motion  of  the  conductor  will  be  that  shown  in  the 
illustration. 

426.  What  Determines  the  Direction  of  an  E.m  J.  Induced  in 
a  Conductor  When  It  Cuts  or  Is  Cut  by  Lines  of  Force.— If  the 
conductor  of  Fig.  208  is  moved  downward  shearing  through  the 
flux  from  AA'  to  CC,  it  will  be  found  (if  an  ammeter  is  connected 
in  the  external  circuit)  that  the  current  driven  through  the  cir- 
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Fio.  210. — Relative  directions  of  mo- 
tion, electromotive  force  and  flux. 
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cuit  by  the  induced  e.m.f.  will  be  from  B  toward  B'.  When  the 
conductor  is  moved  upward  from  CC  to  AA'  the  e.m.f.  is  in  the 
opposite  direction  or  from  B'  to  B.  If  the  conductor  were  made 
to  oscillate  between  positions  AA'  and  CC  the  induced  e.m.f. 
would  be  first  in  one  direction  and  then  in  the  other. 

Furthermore,  if  the  N  and  S  poles  of  the  illustration  were  trans- 
posed, making  the  direction  of  the  flux  from  left  to  right,  this 
also  would  reverse  the  direction  of  the  induced  e.m.f.  It  is  ob- 
vious, then,  that  there  is  a  relation  between:  (1)  the  direction  of 
motion  of  the  conductor,  (2)  the  direction  of  the  flux,  and  (3) 
the  direction  of  the  induced  e.m.f.  This  relation  is  explained  in 
following  articles: 

427.  A  Hand  Rule  for  Determining  the  Direction  of  an  E.m*f • 
Induced  in  a  Conductor  was  proposed  by  Fleming.  It  is  the 
most  serviceable  of  all  of  the  rules  for  this  purpose.  It  is:  Use 
the  right  hand.  Extend  its  thumb,  first  finger  and  middle  finger 
so  that  they  are  at  right  angles  to  one  another  as  shown  in  Fig. 
209.  Then  turn  the  hand  into  such  a  position:  (1)  that  the  thumb 
points  in  the  direction  of  the  motion  or  equivalent  motion  of  the  con- 
ductor and  (2)  thai  the  first  finger  points  in  the  direction  of  the  mag- 
netic flux.  Then,  the  middle  finger  will  point  in  the  direction  of 
the  induced  e.m.f.  If  the  directions  of  any  two  of  the  factors  are 
known,  the  direction  of  the  other  can  be  determined  by  applying 
this  hand  rule. 

Note. — This  rule  can  be  remembeFed  by  associating  the  sounds  of  the 
words  "thumb-motion,"  "first  finger-flux''  and  "middle  finger-motive 
force."  If  the  flux  moves  to  cut  the  conductor,  the  thumb  must  point  in 
the  direction  of  equivalent  motion  of  the  conductor,  that  is,  in  a  direction 
opposite  to  that  in  which  the  flux  is  moving. 

428.  A  Rule  for  the  Determination  of  the  Direction  of  an  E.m.f . 
Induced  in  a  Coil  is:  Look  through  the  coil  in  the  direction  of 
the  lines  of  force,  that  is,  look  along  the  lines  of  force  from  the 
N  to  the  S  pole;  then  a  decrease  in  the  flux  enclosed  by  the  coil 
induces  an  e.m.f.  in  a  clockwise  direction  around  the  coil.  Con- 
versely, an  increase  in  the  flux  enclosed  by  the  coil  induces  an 
e.m.f.  in  a  counterclockwise  direction  around  the  coil. 

Note. — This  rule  follows  from  the  hand  rule  already  given  in  Art.  427,  as 
will  be  shown.  Refer  to  Fig.  211  and  note  the  direction  of  the  e.m.f.  in- 
duced in  the  length  of  conductor  LM.  First,  assume  LM  to  be  part  of  coil 
LMOP;  then,  if  this  coil  is  moved  up  (in  direction  AB)  it  will  enclose  addi- 
tional flux  and  the  e.m.f.  induced  in  it  will  be  in  a  counterclockwise  direc- 
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tion.  That  is,  in  section  LM  it  will  be  from  right  to  left,  which  is  also  the 
same  e.m.f .  direction  as  that  indicated  by  the  hand  rule  for  an  upward  move- 
ment of  LM, 

Now  if  it  be  assumed  that  LAf  is  a  part  of  coil  QRLMy  then  if  this  coil  is 
moved  upward  (in  direction  AB)  the  flux  enclosed  by  it  will  be  decreased, 
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FiQ.  211  — Showing  how  the  right  hand  rule  is  consistent  with  the  "increase  or 
decrease  of  flux*'  law 

inducing  an  e.m.f.  in  it  in  a  clockwise  direction,  which  again  will  be  from 
right  to  left  in  LM.  Thus,  the  "change-of-flux"  rule  is  in  agreement  with 
the  "hand  "  rule.  If  a  coil  is  moved  in  a  direction  parallel  to  the  direction  of 
flux,  or  if  it  is  moved  parallel  to  itself  in  a  uniform  magnetic  field,  the  flux 
enclosed  by  it  does  not,  obviously,  change.  Hence,  under  these  conditions, 
no  e.m.f.  is  induced. 

Note. — There  is  another  "right- 
hand"  rule,  illustrated  in  Fig.  212, 
which  can  frequently  be  more  conven- 
iently applied  than  that  just  recited. 
It  is:  Extend  the  fingers  of  the  right 
hand  along  the  conductor  so  that:  (a) 
the  thumb  points  in  the  direction  of 
motion  of  the  conductor  and  (6)  the 
palm  receives  the  flux  lines;  then  the 
fingers  point  in  the  direction  of  the  in- 
duced e.m.f.  ^  _   , 


Fio.    212. — Illustrating    application 
of  second  "right-hand"  rule. 


429.    An     Alternating    £.m.f. 

(Art.  680)  could  be  readily  pro- 
duced by  continuously  oscillating 
the  conductor  of  Fig.  208  back 
and  forth  between  positions  A  A'  and  CC.  That  is,  the  e.m.f. 
thus  induced  would  alternate  in  direction.  It  would  first  tend 
to  impel  a  current  in  one  direction*— and  then  in  the  other.  If, 
while  being  oscillated,  the  conductor  BB  were  connected  into  a 
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closed  circuit,  it  would  force  an  aUernating  current  (Art.  678) 
through  the  circuit.  The  contents  of  this  paragraph  suggest,  in 
a  rough  way,  the  principle  of  operation  of  the  alternating-current 
generator. 

430.  When  an  Induced  £.m.f .  Forces  Current  Through  a  Cir- 
cuit— If  a  conductor  that  is  moved  in  a  magnetic  field  so  as  to 
cut  flux,  as  in  Fig.  209,77,  is  connected  to  a  closed  circuit,  the 
e.m.f.  induced  in  it  (as  described  in  Art.  422)  will  force  current 
through  the  circuit.  The  intensity  of  the  current  thus  produced 
will  be  determined  by  the  resistance  of  the  circuit  and  the  e.m.f. 
or  voltage  induced  in  the  conductor.  The  value  of  this  current 
can  be  readily  determined  by  Ohm's  law  (Art.  134)  if  the  voltage 
induced  is  known,  thus: 

Example. — ^If  a  conductor  moved  in  a  magnetic  field  generates  an  e.m.f .  of 
12  volts  and  is  connected  in  series  in  a  circuit  having  a  resistance  of  6  ohms 
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Fio.  213. — Showing  that  the  impressed  E.M.F.  is  entirely  consumed  in 

any  circuit. 

(this  6  ohms  includes  the  resistance  of  the  conductor  itself  and  that  of  the 
external  circuit),  the  current  which  will  flow  through  the  circuit  will  be:  7  — 
E  -T-  R  ^  12  voU»  •¥  6  ohvM  =  2  amp.  This  current  of  2  amp.  will  flow 
through  the  conductor  and  the  external  circuit,  inasmuch  as  they  are  con- 
nected in  series. 

431.  The  E.m.f.  Impressed  on  Any  Electric  Circuit  must  at 
every  instant  be  entirely  consumed  in  resistance,  in  counter  e.m.f. 
or  in  both.  The  sum  of  the  forces  must  at  every  instant  equal 
zero. 

Example. — In  Fig.  213,7,  110  volts  is  impressed  on  the  circuit.  By 
Ohm's  Law  (Art.  134):  7  =  J?  4-  /?.  =  110  -^  (1  +  1  +  200)  =  0.55  amv^ 
flows.  But  again,  by  Ohm's  law,  the  resistance  drop  in  the  circuit  is:  J&  = 
7  X  iJ  =  0.55  X  202  «  110  votts.  A  voltage  or  e.m.f.  of  110  is  impressed 
and  110  volts  is  consumed,  which  verifies  the  above-stated  law. 

In  Fig.  213, 77,  the  generator  impresses  210  volts  on  the  circuit.  Tlio  vol- 
tage drop  or  the  volts  consumed  in  the  line  conductors  is:  ^  «  7  X  12  = 
10  X  (0.5  +  0.5)  =  10  voUi,  This  leaves  a  voltage  of:  210  -  10  =  200  voU^ 
available  at  the  motor  terminals.    This  200  volts  is  entirely  consumed  by 
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the  counter  e.mi.  (Art.  631)  and  the  internal  resistance  of  the  motor.    Thus, 
the  entire  210  volts  impressed  on  the  circuit  is  consumed  in  the  circuit. 

432.  No  Force  Is  Required  to  Induce  an  E.mX  in  a  Conductor 
Unless  the  E.mi.  Propagates  a  Current,  that  is,  unless  current 
flows  in  the  conductor.  *No  force  is  required  to  move  a  conductor 
(of  a  non-magnetic  material)  through  a  magnetic  field  unless  the 
conductor  comprises  part  of  a  closed  circuit.  In  other  words, 
an  e.m.f.  can  be  induced  in  a  conductor  without  the  expenditure 
of  energy.  But  if  the  conductor  is  connected  in  a  circuit  so  that 
the  e.m.f.  generated  in  it  by  induction  can  force  a  current 
through  itself  and  the  circuit,  then  (when  a  current  is  established) 
force  is  necessary  to  move  the  conductor  and  work  must  be  ex- 
pended in  moving  it.  Why  this  is  true  will  be  explained  in 
following  articles. 

Example. — No  force  or  work  would  be  necessary  to  move  the  conductor 
of  Fig.  208  through  the  flux  there  shown,  because  the  e.m.f.  induced  in  the 
conductor  could  not,  the  switches  being  open,  originate  a  current — except 
infinitesimal  internal  eddy  currents  (Art.  504).  An  e.mi.  would  be  induced 
in  the  conductor  when  it  sheared  the  flux  but  as  the  conductor  is  not 
connected  in  a  closed  circuit  this  e.m.f.  could  not  impel  a  current,  cur- 
rent (displacement  current  Art.  105  excepted)  in  an  open  circuit  being  an 
impossibility. 

However,  if  the  switches  in  Fig,  208  were  closed,  an  e.m.f.  induced  in  the 
conductor  by  moving  it  across  the  flux  could  impel  or  originate  a  current, 
and  then,  with  current  flowing  through  the  conductor,  force  would  be  re- 
quired to  push  the  conductor  through  the  flux  lines.  Similarly,  it  would  re- 
quire force  to  push  the  conductor  of  Fig.  209,7/  through  the  flux  there  shown 
because  the  conductor  is  connected  in  a  closed  circuit.  As  soon  as  the  con- 
ductor (Fig.  209,77)  is  pushed  through  the  flux  lines,  it  cuts  them  and  an 
e.m.f.  is  induced  in  it.  Immediately,  this  e.m.f.  impels  a  current  through 
the  circuit. 

433.  There  Is  No  Reason  Why  Force  Should  Be  Required 
to  Move  an  Isolated  Conductor  of  Copper  or  Other  Non-magnetic 
Material  in  a  Magnetic  Fieldf  because  there  is  no  attraction  or 
repulsion  (Art.  66)  between  non-magnetic  substances  (which  are 
not  carrying  current)  and  magnetic  poles.  It  is  a  fact,  readily 
verified  by  experiment,  that  no  force  is  necessary  to  move  a 

*NoTB. — ^This  statement  is  not  strictly  true  because  eddy  currents  (Art. 
504)  are  induced  in  any  conductor  when  it  is  so  moved  in  a  field  as  to  cut 
lines  and  a  small  force  is  required  to  produce  these  currents.  However,  the 
eddy  currents  are  alwa3rs  very  small  relatively  and  the  force  required  for 
their  production  is  correspondingly  small.  Hence  eddy  currents  and  the 
force  required  to  produce  them  will  be  disregarded  in  the  present  discussion. 

tNoTB. — See  '* eddy-current"  footnote  under  Art.  432. 
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piece  of  copper  wire — not  connected  in  a  closed  circuit — through 
the  strongest  field  obtainable. 

434.  The  Reason  Why  Force  Is  Required  to  Move  a  Conduc- 
tor Generating  an  Induced  E.m.f .  and  a  Current  Through  the 
Flux,  whereby  the  e.m.f.  is  induced,  is  suggested  in  Fig.  214. 
Around  every  conductor  carrying  a  current,  a  circular  cylindrical 
flux  of  Unes  of  force  estabhshes  (Art.  204) .  When  such  a  conduc- 
tor (one  carrying  current)  is  pushed  across,  that  is,  through  a 
flux,  the  circular  lines  around  the  conductor  combine  with  the 
lines  of  the  flux  on  one  side  of  the  conductor — see  the  illustra- 
tion. On  the  other  side  of  the  conductor,  the  circular  force  lines 
of  the  conductor  and  the  lines  of  the  flux  oppose  each  other. 
This  tends  to  crowd  the  lines  of  the  flux  to  one  side  of  the  conduc- 
tor as  shown  and  to  distort  them.    The  lines  of  force  are  Uke  taut 

rubber  bands  (Art.  56)  and  the  dis- 
torted ones  tend  to  straighten. 
Hence  they  exert  a  force  tending  to 
expel  the  conductor  from  the  field. 
This  expelUng  force  must  be  over- 
come if  the  conductor  is  to  be 
moved  through  the  flux.  If  the 
current-carrying  conductor  so  Ues 
in  the  field  that  the  conductor  as- 
sumes a  position  parallel  to  the 
direction  of  the  field,  there  is  no 
force  tending  to  expel  the  conductor. 


Conductor  bein^mortd 
down  ward  fhrou€fh 

flux  Madnef/cr/ux 


Fio.  214.--Distortioii  of  flux 
when  conductor  carrying  current 
is  moved  downward  through  it. 
The  magnetic  field  around  the 
conductor  reacts  on  the  field  due 
to  the  N  and  S  poles,  opposing  the 
movement  of  the  conductor. 


Example. — Fig.  214  represents  conditions  when  the  conductor  of  Fig. 
208  is  pushed  down  through  the  flux,  cutting  lines  of  force.  As  it  shears 
through  the  lines,  an  e.m.f.  is  induced  in  it  and  the  e.m.f.  is  in  such  a  direc- 
tion. Art.  427,  that  (it  is  now  assumed  that  the  conductor  is  connected  in  a 
closed  circuit)  the  current  impelled  thereby  is  away  from  the  reader.  This 
current  produces  a  field  around  the  conductor  as  shown  (see  hand  rule,  Art. 
427). 

The  lines  of  the  magnet's  field  and  those  of  the  conductor's  field  combine  as 
indicated.  The  bent  or  distorted  lines  tend  to  straighten  and  to  push  the 
conductor  upward — out  of  the  field.  Hence,  force  must  be  exerted  to  push 
it  downward  to  make  it  shear  through  the  lines  of  the  flux  and  generate  an 
e.m.f .  Obviously,  if  movement  of  the  conductor  is  stopped,  no  lines  are  cut 
by  it,  no  e.m.f.  is  induced,  no  current  flows  and  there  is  no  force  tending  to 
push  the  conductor  from  the  field. 

436.  Lenz's  Law:  Electromagnetically  Induced  Currents 
Always  Have  Such  a  Direction  That  the  Action  of  the  Magnetic 
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Fields  Set  Up  by  Them  Tends  to  Stop  the  Motion  Which  Pro- 
duces Them. — In  other  words,  the  direction  of  an  induced 
current  is  always  such  that  it  tends  to  stop  the  motion  which 
produces  it.  Fig.  214  and  the  text  accompanying  it  indicate 
one  proof  of  the  truth  of  this  law.  Lenz's  law  also  accounts  for 
the  condition  described  in  following  articles:  That  energy  must 
always  be  expended  to  produce  an  electric  current  by  electromagnetic 
induction  but  that,  theoretically ,  no  energy  {practically,  very  Hide) 
is  necessary  to  induce  merely  an  e.m.f.  Any  induced  counter 
e.m.f. — or  current — ^is  always  in  such  a  direction  as  to  oppose 
any  change  in  the  current  producing  it. 


I- Apparatus  H-Unes  Cutting  Conductor 

Fig.  215. — Flux  of  a  moving  bar  magnet  cutting  conductor  of  stationary  coil  and 
inducing  therein  an  e.m.f. 


Example. — When  the  permanent  magnet  shown  in  Fig.  215  is  thrust  into 
the  coil  of  wire  there  shown,  an  e.m.f.  is  induced  in  the  coil.  This  e.m.f. 
forces  a  current  through  the  circuit  connected  to  the  coil.  It  will  be  noted 
if  careful  observations  are  made,  that  no  force  is  required  to  thrust  the 
magnet  into  the  coil  if  the  external  circuit  connected  to  the  coil  is  open. 

But  if  this  external  circuit  is  closed,  force — ^work — will  then  be  necessary  to 
push  the  magnet  into  the  coil.  The  reason  is  this :  When  the  circuit  is  closed, 
current  is  forced  through  the  coil  by  the  e.m.f.  induced  when  the  bar  magnet 
is  pushed  into  the  coil.  The  direction  of  the  current  (by  Lenz's  law  above 
and  by  the  hand  rule  of  Art.  427)  is  such  that  when  the  bar  magnet  is 
thrust  into  the  coil,  the  upper  end  of  the  coil  has,  due  to  the  flow  of  the 
induced  current,  the  same  polarity  as  the  lower  end  of  the  magnet.  They 
tend  to  repel  each  other  magnetically,  hence  force  is  necessary  to  push  down 
the  magnet. 

When  the  magnet  is  being  pulled  out  of  the  coil,  the  induced  current 
through  the  coil  is  in  the  opposite  direction  and  the  upper  end  of  the  coil 
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now  has  a  polarity  opposite  to  that  of  the  lower  end  of  the  magnet.  They 
attract  each  other  magnetically.  This  attraction  tends  to  prevent  the  with- 
drawal of  the  bar  magent.  Force — work — must  be  exerted  to  withdraw  it. 
Thus  Lenz's  law  is  again  verified. 

When  the  circuit  connected  to  the  coil  is  open,  no  current  can  flow  through 
the  coil.  Hence,  its  ends  can  not  develop  polarities  and  the  conditions 
described  above  can  not  occur. 

436A.  An  Induced  Current  Is  Always  in  Such  a  Direction 
That  Its  Field  Opposes  Any  Change  in  the  Existing  Field  is 

another  (and  an  important  one)  form  of  Lenz's  law. 

436.  What  Determines  the  Power  Necessary  to  Produce  an 
Induced  Current  Through  the  Agency  of  Magnetic  Induction. — 

From  the  preceding  it  is  evident  that  when  no  current  is  impelled 
by  an  induced  e.m.f.  no  work — or  energy — ^is  required  in  induc- 
ing the  e.m.f.  That  is,  unless  energy  is  generated  by  the  e.m.f. 
no  energy  is  necessary  to  produce  it.  Similarly,  when  an  in- 
duced e.m.f.  does  impel  a  current,  energy  is  required  to  produce 
the  e.m.f.  The  amount  of  power  (Art.  169)  required  to  maintain 
a  given  e.m.f.  is  proportional  to  the  current  propagated  by  the 
e.m.f. 

The  current — the  number  of  amperes — propagated  is  deter- 
mined by  the  resistance  of  the  circuit  through  which  the  cturent 
is  forced  by  the  e.m.f.  (Ohm's  law.  Art.  134).  The  greater  the 
resistance  of  a  circuit,  the  less  the  current,  and  vice  versa — ^as- 
suming that  the  e.m.f.  is  constant.  It  follows  then  that  the 
resistance — or  opposition — of  a  circuit  through  which  any  e.m.f. 
generator  impels  current  determines  the  power  required  by  or 
consumed  by  the  generator  for  impelling  the  current.  The 
power  required  to  drive  or  the  power  taken  by  any  generator  of  a 
certain  e.m.f.  at  any  instant  is,  then,  determined  by  the  charac- 
teristics— ^resistance — at  that  instant,  of  the  circuit  through  which 
the  generator  forces  current,  rather  than  by  the  characteristics 
of  the  generator  itself. 

Note. — If  a  generator  impreeses  an  e.m.f.  on  a  circuit  having  such  low 
resistance  that  a  current,  larger  than  the  internal  conductors  of  the  generator 
can  carry  without  excessive  heating  (Art.  60d),  will  be  forced  through  the 
circuit  and  generator,  the  generator  conductors  wiU  heat  excessively  and  the 
machine  may  be  ruined.  Hence,  generators  for  developing  large  amounts  of 
power  must  have  internal  conductors  of  large  cross-sectional  area  to  carry  the 
correspondingly  large  currents  without  excessive  heating.  Generators  for 
developing  small  amounts  of  power  will,  in  general,  carry  relatively  small 
currents;  therefore,  the  crossHsectional  areas  of  their  internal  conductors 
may  be  proportionately  small. 
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Example. — What  power  will  be  required  to  drive  a  generator  developing 
at  its  terminals  a  pressure  of  110  volts,  if  this  e.mi.  is  impressed  on  an  exter- 
nal circuit  having  a  resistance  of  2  ohms  7  What  power  if  the  resistance  of  the 
external  circuit  is  0.06  ohm?  Solution. — From  Ohm's  law  (Art.  134)  the 
current  is  110  volta.  4-  2  ohms  «  55  amp.  Since  P  ^  E  X  I  (Art.  164), 
the  power  required  will  be:  110  X  55  »  6,050  waU%  »  6.05  ibir.  The  horse 
power  wiU  be  (Art.  160)  6.05  -^  0.746  «  8.1  A.p. 

With  a  resistance  of  0.05  ohm:  J  »  J?  -s- 1^  »  110  -^  0.05  =  2,200  am'p, 
P  =  J^  X  /  =  110  X  2,200  =  242,000  waUa  =  242  kw.  H.p.  =  242  -^ 
0.746  »  325  h.p. 

Both  of  the  above  examples  could  have  been  solved  directly  by  using 
formula  (25)  of  Art.  134,  thus:  P  =  £•  -^  B  =  (110  X  110)  +  2  «  6,050 
ivatts.    Also,  P  -  (110  X  110)  -i-  0.05  =  242,000  wcUU. 

437.  How  Electrical  Energy  Is  Generated  by  Electromagnetic 
Induction. — ^Frequently  the  statement  is  made  that:  "electrical 
energy  is  generated  by  electromagnetic  induction."  The  real 
meaning  of  this  is  that  the  mechanical  energy,  necessary  to  force 
the  inductor  conductor  to  shear  through  the  flux  (or  the  flux 
to  shear  through  the  conductor)  to  produce  an  induced  current, 
is  transformed  into  electrical  energy.  This  is  accomplished 
through  the  agency  of  the  phenomena  which  is  called  electro- 
magnetic induction. 

438.  The  Intensity  of  the  E.m.f  •  Induced  Depends  on  the  Rate 
of  Cutting  Lines  of  Force. — That  is,  the  greater  the  number  of 
lines  cut  by  a  conductor  in  a  given  time,  the  greater  will  be  the 
e.m.f.  induced  in  the  conductor.  The  intensity  of  the  induced 
e.m.f.  does  not  depend  on  the  total  number  of  lines  cut  in  an 
indefinite  time.  Any  means  whereby  the  rate  of  cutting  lines  is 
increased  will  therefore  correspondingly  increase  the  e.m.f.  in- 
duced.   Note  that  rate  is  the  important  word  in  this  paragraph 

Example.— To  induce  1  volt,  lines  must  be  cut  at  the  rate  of  100,000,000 
(10»)  per  sec.  (Arts.  226  and  444). 

439.  Factors  Affecting  the  Value  of  the  E.m.f.  Induced  in  a 
Conductor  When  It  Cuts  Lines.— Since  the  value  of  the  e.m.f.  or 
voltage  induced  in  a  conductor  is  determined  by  the  rate  of 
cutting,  that  is,  by  the  number  of  lines  cut  per  second,  it  is  evi- 
dent that  there  are  several  factors  each  of  which  in  a  measure, 
determines  the  value  of  the  e.m.f.  induced.  These  factors  may 
be  specified  thus:  (1)  Speed  with  which  conductor  moves  through 
fiux  OT  with  which  flux  moves  through  conductor.  (2)  Strength  of 
the  field  through  which  the  conductor  cuts.  (3)  Angle  of  direction 
of  conductor  with  respect  to  direction  of  field.     (4)  Length  of  con-^ 
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dudoT  which  cuts  lines.    Each  of  these  factors  will  be  discussed 
in  a  following  article. 

440.  The  Speed  with  Which  a  Conductor  Cuts  Lines  Affects 
the  Value  of  the  E.m.f.  Induced. — The  greater  the  number  of 
lines  cut  in  a  second  by  a  conductor,  the  greater  will  be  the  e.m.f. 
induced  in  the  conductor.  Obviously,  the  faster  the  inductor 
conductor  moves  through  a  field,  the  greater  will  be  the  number 
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Fig.  216. — Illustrating  the  factors  affecting  the  value  of  an  induced  e.m.f. 

of  Unes  cut  per  second — therefore  the  greater  the  voltage,  and 
conversely.  This  same  idea  can  be  expressed  thus:  The  greater 
the  rate  of  movement  of  the  conductor  and  magnetic  field  with 
respect  to  each  other,  the  greater  the  induced  e.m.f. — and  vice 
versa. 

Example. — If  the  conductor  A  A'  (Fig.  216,/)  be  moved  down,  through 
the  field  shown  to  position  BB'  in  1  sec,  a  certain  number  of  lines  will  be  cut 
per  second  and  a  certain  e.m.f .,  say  for  example  4  volts,  will  be  induced  in  it. 
If,  however,  it  be  moved  from  AA'  to  BB'  in  0.5  sec,  that  is  with  twice  the 
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speed,  twice  the  number  of  lines  will  be  cut  per  Btcond  and  twice  the  e.m.f .,  or 
8  volts,  will  be  induced  in  it.  If  it  be  moved  from  AA'  to  BB'  with  half  the 
speed,  that  is  in  2  sec,  one-half  the  number  of  lines  will  be  cut  per  second 
and  one-half  the  e.m.f.,  or  2  volts,  will  be  induced. 

441.  The  Density  of  the  Field  Which  the  Conductor  Cuts 
Affects  the  Value  of  the  E.muf.  induced  in  the  conductor.  The 
density,  fi,  of  a  field  can  be  expressed  by  the  number  of  lines  per 
square  inch  in  the  field  (Art.  246).  It  is  obvious  then  that  more 
lines  of  force  thread  through  a  strong  field  than  through  a  weak 
one.  It  follows  that  a  greater  e.m.f.  will  be  induced  in  a  con- 
ductor forced  in  a  given  time  through  a  strong  field  than  through 
a  weak  one. 

Example. — If  the  conductor  of  Fig.  216,7  be  pushed  down  through  the 
field  there  shown  from  position  A  A'  to  position  BB*  in,  say,  1  sec.,  it  will  cut 
through  the  lines  of  the  field  and  there  will  be  induced  in  it  an  e.m.f .  of  say 
4  volts.  If  now,  however,  the  conductor  be  forced  down  through  the  field  of 
77,  which  is  four  times  as  dense  (that  is,  it  has.  four  times  as  many  lines)  from 
CC  to  DD*  in  1  sec,  four  times  as  many  lines  will  be  cut.  Then,  the  number 
of  lines  cut  per  second  will  be  four  times  as  great  and  if  the  e.m.f .  induced  in 
7  were  4  volts,  that  induced  in  77  will  be:  4  X  4  =  16  volts. 

442.  The  Durection  of  Motion  of  the  Cutting  Conductor  with 
Respect  to  the  Direction  of  the  Field  Affects  the  Value  of  the 
Induced  E.m.f.  If  a  conductor  being  moved  with  uniform 
speed  cuts  through  the  lines  of  a  flux  or  field  at  right  angles  to 
the  lines  it  will  cut  more  of  them  in  a  second — or  in  any  other 
unit  of  time — ^than  if  it  cuts  through  the  lines  at  an  angle. 
Hence  the  maximum  e.m.f.  is  generated  in  any  field  in  a  given 
time  when  the  conductor  cuts  through  the  lines  at  right  angles. 

Example. — If  the  conductor  of  Fig.  216,777  were  moved  with  uniform 
speed  from  G  to  H  it  would  cut  at  right  angles  a  certain  number  of  lines. 
Assume  that  it  moved  from  G  to  7f  in  1  sec.  and  that  the  e.m.f.  induced  in 
it  was  4  volts.  If  now  it  were  moved  at  an  angle  from  G'  to  7f ,  at  the  same 
speed  as  before,  it  would  cut  the  same  number  of  lines  but  since  it  has  moved 
a  greater  distance  O^ut  at  the  same  speed)  it  has  required  a  longer  time,  say 
1.25  sec,  to  cut  this  same  number  of  lines.  Therefore  the  e.m.f.  induced 
would  be  smaller  than  in  the  first  case. 

If  the  e.m.f.  induced  in  the  first  case  were  4  volts,  that  in  the  second  case 
would  be:  4  -&-  1.25  »  3.2  voUs.  The  field  in  both  cases  is  assumed  to  be  the 
same.  The  number  of  lines  cut  per  second  is  smaller  in  the  second  case  than 
in  the  first,  hence  the  e.m.f .  in  the  second  case  is  the  smaller. 

443.  The  Length  of  the  Conductor  Which  Cuts  Lines  Affects 
the  Value  of  the  Induced  E.mi. — The  longer  the  conductor  being 
moved  in  a  field,  the  more  lines  it  will  cut  per  second,  provided 
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of  course  that  the  cutting  conductor  always  lies  wholly  within 
the  field.  Therefore,  the  longer  the  conductor,  the  greater  the 
e.m.f.  induced  and  vice  versa. 

Example. — If  the  conductor  of  Fig.  216,7  were  moved  from  A  A'  to  BB' 
in  1  sec,  and  the  e.m.f.  induced  in  it  were  4  volts,  the  e.m.f.  induced  in  the 
conductor  of  77  in  moving  from  EE*  to  FF\  in  1  sec.  would  be  only  2  volts. 
The  field  pf  7F  is  the  same  as  that  of  7.  The  voltage  induced  in  77  is  only 
one-half  of  that  induced  in  7  because  the  length,  in  the  field,  of  the  conductor 
of  7 F  is  only  one-half  of  that  of  7.  Hence,  the  number  of  lines  cut  per 
second  in  7 F  is  only  half  of  that  cut  in  7  and  the  induced  e.m.f .  is  decreased 
accordingly. 

444.  To  Determine  the  Value  of  an  Induced  E.m.f. — To 
induce  an  e.m.f.  of  1  volt  in  a  conductor,  flux  must  be  cut  by  the 
conductor  at  the  rate  of  one  hundred  million  (100,000,000)  Kne« 
per  second.  This  follows  from  the  definition  of  a  flux  line,  Art. 
226.  If  flux  is  cut  by  a  conductor  at  the  rate  of  200,000,000 
lines  per  sec,  the  e.m.f.  induced  in  the  conductor  will  be  2  volts, 
and  so  on. 

Note.— The  value  "100,000,000  lines"  is  frequently  stated  as  10«  lines 
which  means  exactly  the  same  thing.  This  method  of  expression  is  termed 
index  noUUion.  The  expression  10*  =  10  X  10  =  100,  likewise  10»  =  1,000. 
Similarly,  10*  is  a  short  hand  method  of  expressing  the  value  10  multiplied  by 
itself  eight  times,  or  100,000,000. 

The  above  suggested  law  can  be  stated  as  a  formula  thus: 

(99a)  E.m.f.  induced  =  flux  lines  cut  per  second  -5-  100,000,000 

or 

(100)  ^  =  loPooWx  t  (^*>^*«) 

and 

(101)  t  =  108  x"^  (sec.) 
and 

(102)  <t>  =  10^  XtXE  (lines) 

Wherein  E  =  average  e.m.f.,  in  volts,  induced  in  conductor. 
<l>  =  total  number  of  lines  of  force  or  the  total  flux  cut  by  the 
conductor,  t  =  the  time,  in  seconds,  consumed  while  the  con- 
ductor cuts  the  flux  <t>.  (If  the  rate  at  which  the  conductor  cuts 
flux  is  uniform  or  the  same  at  all  times,  the  induced  e.m.f.  will 
be  correspondingly  uniform  or  constant.  If  the  rate  of  cutting 
varies  from  instant  to  instant,  the  induced  e.m.f.  will  also  vary 
from  instant  to  instant). 
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Example. — If  the  flux  between  the  N  and  the  S  pole  faces  of  Fig.  208  is 
800,000,000  lines  and  the  conductor  is  moved  from  position  AA'  to  position 
CC  in  1.5  sec,  what  e.m.f.  will  be  induced  in  the  conductor?  Solution. — 
Substitute  in  the  formula  (100): 

V _  _        800,000.000       _  A  _  t;  o     jj 

^^^       ^  "  100.000,000  X  t  "  lOO.OOO.CkK)  X  1.5  "  1.5  **  ^'"^  ^^^' 

Example. — If  it  is  desired  to  develop  an  e.m.f.  of  10  volts  by  passing  a 
conductor  through  a  flux,  the  conductor  cutting  through  the  flux  in  0.5  sec., 
how  many  lines  must  there  be  in  the  flux?  Solution. — Substitute  in  the 
formula  (102): 

4>  =  100,000,000  XtXE  ^  100,000,000  X  0.5  X  10  =  500,000,000  lines. 

Example. — If  a  conductor  cuts  through  a  flux  of  550,000,000  lines,  1,200 
times  a  minute,  what  e.m.f .  will  be  induced  in  the  conductor?  Solution. — 
If  the  conductor  cuts  through  the  flux  1,200  times  a  minute,  it  cuts  through: 
1,200  -^  60  =  20  times  a, sec.  Therefore,  the  flux  cut  in  1  sec.  is:  20  X 
550,000,000  »  11,000,000,000  lines.     Now  substitute  in  the  formula  (100): 

^  _    11.000.000,000   _ 

^^^  ^  ~  100.000,000 kt"  100.000.000  X i  "      ^^"** 

446.  A  Classification  of  the  Methods  of  Producing  Induced 
E.m.fs.*  may  be  made  as  follows:  (1)  Stationary  flvx  and  moving 
conductor.  (i2)  Moving  flux  and  stationary  conductor.  (3)  - 
Stationary  condudor  and  variable  flux.  (4)  Variable  flux  and 
moving  conductor.  Each  of  these  four  methods  is  discussed  in 
following  articles.  Practically  all  commercial  cases  where  an 
e.m.f.  is  induced  by  a  conductor  being  cut  by  lines  of  force  will 
fall  under  one  of  the  above  classifications. 

446.  Generation  of  an  Induced  E.m.f.  with  a. Stationary  Flux 
and  a  Moving  Conductor. — With  this  case  the  exciting  m.m.f. 
(Art.  220)  and  the  flux  due  to  it  are  stationary  and  the  conductor, 
in  which  the  e.m.f.  is  induced,  cuts  through  the  flux.  The  flux 
may  be  produced  either  by  a  permanent  magnet,  an  electro- 
magnet or  it  may  be  that  enveloping  a  conductor  through  which 
a  current  is  passing. 

Examples. — Several  examples  of  this  method  of  inducing  e.m.fs.  are  illus- 
trated and  described  in  preceding  articles.  Figs.  208  and  209  illustrate  the 
principle.  Fig.  217  shows  another  example;  if  it  be  assumed  that  there  are 
200,000,000  lines  in  the  uniform  field  and  that  just  1  sec.  is  required  to  move 
the  bar  at  a  uniform  rate  through  them,  an  e.m.f.  of  2  volts  (Art.  444)  will  be 
generated  during  that  second.  Since  the  resistance  of  the  circuit  is:  ^  + 
>i  «  H  ohm,  the  current  will  be:  /  =  E  +  i?  =  2  +  0.5  -  4  omp.  The 
power  required  to  move  the  conductor  (Art.  164)  would  be:  P  =  E  X  /  = 

*  Karapetoff,  Thb  Elbctrig  Cxbcvit. 
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2  amp.  X  ^voUs 
circuit. 


>  8  watts.    This  illustrates  the  principle  of  the  generator  and 


447.  Direct-ctirrent  Generators  and  Motors  Depend  for  Their 
Operation  on  This  Principle  of  a  Moving  Conductor  Cutting  a 
Flux. — The  armatures  of  the  machines  are  made  to  rotate  in 
magnetic  fields  produced  by  electromagnets.  Conductors, 
carried  on  and  rotating  with  the  armatures,  are  thereby  forced 
to  cut  through  these  fields  and  thereby  e.m.fs.  are  induced  in 
the  conductors.  Rotary  converters  and  homopolar  generators  also 
utilize  this  principle.    Generators  are  discussed  in  an  elementary 

way  in  Art.  609  and  motors  in 
Art.  625. 

448.  Generation  of  an  Induced 
£.m.f.  with  a  Stationary  Con- 
ductor and  a  Moving  Flux  (Fig. 
^..,      _  ,       „  218).— With  this  method,  both 

the  exciting  m.m.f.  and  the  flux 
produced  by  it  move.    This  is 
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Fio.    217. — Generation  of    e.m.f.    with 
moving  conductor  and  stationary  flux. 


Fio.  218. — Induction  of  an  e.m.f. 
in  a  loop  of  wire  cut  by  the  flux  of  a 
]>ermanent  magnet. 


merely  a  variation  of  the  method  described  in  Art.  446.  Insofar 
as  the  e.m.f.  induced  is  concerned,  it  makes  no  difference  whether 
it  is  the  flux  or  the  conductor  that  moves,  so  long  as  the  con- 
ductor— by  some  means  or  other — cuts  through  the  flux.  Fre- 
quently, this  method  and  that  of  Art.  446  are  treated  as  being 
the  same  method,  it  merely  being  necessary  for  the  induction 
of  an  e.m.f.  that  there  be  a  relative  movement  of  the  flux  and 
the  conductor.  Specific  examples  of  e.m.f.  induction  where 
the  conductor  is  stationary  and  the  flux  moves  are: 

Example. — If  the  bar  magnet  shown  in  Fig.  216  is  thrust  down  into  the 
solenoid — a  coil  of  insulated  wire  wound  on  a  spool — the  lines  of  force  of  the 
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flux  of  the  magnet  cut  the  turns  of  the  coil  or  conductor  on  the  spool.  An 
e.m.f .  is  thereby  induced  (while  the  magnet  is  being  moved)  in  the  conductor. 
This  e.m.f.  forces  a  current  through  the  closed  circuit  which  includes  the 
ammeter  or  voltmeter  and  the  coil.  This  current  will  cause  the  ammeter  or 
voltmeter  to  indicate. 

As  the  magnet  is  being  thrust  into  the  solenoid,  the  induced  e.m.f.  and 
resulting  current  will  be  in  one  direction.  As  the  magnet  is  being  withdrawn 
they  will  be  in  the  reverse  direction — and  some  force  will  be  required  to  effect 
the  insertion  and  the  withdrawal  of  the  magnet,  all  as  described  in  Art.  434. 
A  very  strong  bar  magnet  and  a  solenoid  of  a  large  number  of  turns  might  be 
necessary  to  effect  an  indication  on  an  ordinary  ammeter  or  voltmeter. 
But  with  sufficiently  delicate  instruments  an  indication  could  be  obtained 
readily — by  using  any  bar  magnet  and  solenoid. 

448A.  The  E.mi.  Induced  Is  Proportional  to  the  Number  of 
Turns  in  The  Solenoid. — If  the  bar  magnet  described  above  were 
thrust  entirely  to  the  bottom  of  the  solenoid,  every  line  of  the 
flux  emanating  from  the  N  pole  of  the  magnet  would  cut  every 
turn  of  the  solenoid.  Each  turn  of  the  solenoid  may  be  con- 
sidered as  and  behaves  like  a  separate  conductor.  However, 
all  of  these  turns  are  connected  in  series,  since  the  conductor 
constituting  the  solenoid  is  wound  onto  the  spool  in  one  continu- 
ous length.  Therefore,  the  total  e.m.f.  induced  in  the  solenoid 
would  be  equal  to  that  induced  in  each  little  conductor  or  turn,  by 
the  flux  cutting  it,  multiplied  by  the  number  of  turns  in  the  solenoid. 
This  may  be  expressed  in  a  formula — which  is  merely  another 
way  of  denoting  the  general  law  of  Art.  444,  thus: 

and 

(104)  t  =  E~XW  ^^^^'^ 
or 

(105)  N  = (sec.) 

0 

or 

(106)  (^  = -jr  —  (hnes) 

Wherein  E  =  e.m.f.,  in  volts,  induced  in  the  solenoid  while  the 
lines  of  the  flux  ^  are  cutting  the  turns  of  the  solenoid.  ^  » 
number  of  lines  or  total  flux  that  cuts  the  turns,  t  —  the  time, 
in  seconds,  required  to  effect  the  cutting.  N  =  number  of  turns 
in  the  solenoid. 


288 


PRACTICAL  ELECTRICITY 


[Art.  448A 


Example. — If  a  flux  of  100,000  lines  emanates  from  the  N  pole  of  the  bar 
magnet  of  Fig.  215,  what  e.m.f.  will  be  induced  in  the  solenoid,  which  has 
400  turns,  while  the  magnet  is  being  thrust  to  the  bottom  of  the  solenoid ?  It 
requires  1  sec.  to  thrust  the  magnet  from  above  the  solenoid  to  its  bottom. 
It  is  assumed  that  all  of  the  flux  of  the  magnet  cuts  each  turn  of  the  solenoid. 
Solution. — Substitute  in  the  formula  (103) : 


E  = 


400  X  100,000 
100,000,000  X  t  "  100,000,000  X  1 


N  Xif> 


«  0.4  voUs. 


If  the  above  described  magnet  were  drawn  from  the  solenoid 
in  1  sec,  an  e.m.f.  of  0.4  volts  would  also  be  induced,  but  this 
e.m.f.  would  be  in  the  opposite  direction.  The  direction  of  any 
such  induced  e.m.f.  can  be  determined  by  using  the  hand  rule  of 
Art.  427.  The  flux  developed  by  a  moving  solenoid  carrying 
current  (Fig.  219)  would,  provided  it  had  the  same  number  of 
lines,  as  the  permanent  magnet  induce  an  e.m.f.  in  another 
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Fig.  219. — Flux  of  a  moving  solenoid,  through  which  current  is  flowing,  cutting 
turns  of  a  stationary  solenoid  and  inducing  therein  an  e.m.f. 

stationary  solenoid  in  precisely  the  same  way  as  does  the  flux  of 
a  permanent  magnet: 

Example. — If  a  solenoid-carrying  current  (Fig.  219)  be  thrust  into 
another  stationary  solenoid,  the  flux  of  the  first  will  cut  the  turns  of  the  sec- 
ond and  an  e.m.f .  will  be  induced  in  the  stationary  solenoid,  precisely  as  with 
the  bar  magnet  of  Fig.  215.  If  the  moving  solenoid  had  a  flux  of  100,000 
lines,  the  stationary  solenoid  400  turns,  and  it  required  1  sec.  to  push  the 
first  solenoid  down  into  the  second,  an  e.m.f .  of  0.4  volts  would  be  induced  in 
the  stationary  solenoid — the  same  as  in  the  bar-magnet  example  above.  An 
e.m.f.  of  0.4  volts  would  also  be  induced  if  the  first  solenoid  were  removed 
from  the  stationary  solenoid  in  1  sec.  The  direction  of  the  e.m.f.  induced 
while  the  moving  solenoid  was  being  withdrawn  would  be  opposite  to  that 
induced  while  it  was  being  pushed  down. 

In  either  of  the  above  examples,  if  the  bar  magnet  or  the  mov- 
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ing  solenoid  were  turned  end  for  end,  so  that  the  S  pole  of  the  bar 
or  moving  solenoid  would  first  enter  the  stationary  solenoid, 
the  directions  of  the  induced  e.m.fs.  would  be  reversed.  This 
follows  from  the  rules  of  Art.  427. 

449.  Alternating-current  Generators  and  Synchronous  Motors 
Depend  for  Their  Operation  on  This  Principle  of  a  Moving 
Flux  Cutting  a  Stationary  Conductor,  that  is,  these  generators 
and  motors  that  have  stationary  armatures  and  rotating  fields. 
These  machines  are  discussed  in  an  elementary  way  in  Art.  698. 

460.  Generators  of  an  Induced  E.m.f.  with  a  Stationary 
Conductor  and  a  Variable  Flux.— With  this  method,  the  exciting 
m.m.f.  (Art.  220),  which  produces  the  flux,  and  the  winding  or 
conductor  in  which  the  e.m.f.  is  induced  are  stationary  relatively 
to  one  another.  The  e.m.f.  is  induced,  as  will  be  explained,  by 
the  flux  as  it  varies  (that  is,  as  it 
increases  or  decreases)  and  cuts 
the  conductor.  The  variation 
of  the  flux  may  be  effected 
either :  (1)  By  varying  the  applied 
m.m.f.  (Art.  220)  as  in  the  ex- 
ample given  below,  in  the  induc- 
tion coil  (Art.  463)  and  in  the  sta- 
tionary transformer  (Art.  821). 
(2)  By  varying  the  reluctance 
of  the  magnetic  circuit  as  in  the 
example  of  Fig.  220  and  in  the 
inductor-type  alternator. 

Example. — An  e.mi.  can  be  induced  in  circuit  A,  Fig.  221  (as  will  be  indi- 
cated by  deflections  of  the  delicate  voltmeter  7),  if  circuit  B  be  opened  and 
closed  with  key  X.  This  e.m.f.  in  A  is  induced  from  B,  The  voltmeter  will 
deflect  only  during  the  instant  after  K  is  opened  and  during  the  instant  after 
K  is  closed.  There  will  be  no  further  deflection  so  long  as  K  remains  open 
or  closed,  it  being  assumed  that  the  current  from  the  dry  cell  is  absolutely 
steady  after  K  has  been  closed  for  an  instant. 

This  is  because  the  e.m.f.  is  induced  only  during  the  periods  during  which 
there  is  a  change  of  current — ^hence  a  variation  of  flux — in  the  inducing  cir- 
cuit B.  As  will  be  shown  in  following  articles,  the  e.m.f.  in  circuit  A  is  pro- 
duced because  circular  lines  of  force,  emanating  from  and  returning  to  con- 
ductor B,  cut  conductor  A  while  the  flux  is  varying. 

461.  How  Lines  of  Force  of  a  Variable  Flux  May  Cut  a  Con- 
ductor is  explained  thus:  It  was  ^hown  in  Art.  204  that  a  mag- 
netic field  or  flux  (circular  lines  of  force)  enshrouds,  as  shown  in 
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Fio.  220. — Inducing  an  e.m.f.  by 
changing  the  reluctance  of  the  mag- 
netic circuit. 
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Fig.  221,11,  every  conductor  through  which  electricity  flows. 
These  circular  lines  do  not  surround  any  conductor  which  is  not 
carrying  a  current  of  electricity.  It  is  the  circular  lines  of  such  a 
flux  emanating,  for  example,  from  B  (Fig.  221)  which,  while  the 
flux  is  varying,  cut  A  and  induce  therein  an  e.m.f. 
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Fio.  221. — Example  of  the  generation  of  an  induced  e.m.f.  with  a  stationary 
conductor  and  a  variable  flux. 

Example. — After  K,  Fig.  221  is  closed,  it  is  several  instants  (by  an  instant 
is  meant  a  small  fraction  of  a  second)  before  the  current  and  consequently 
the  flux  of  circular  lines  of  force  surrounding  B  reach  their  maximum  intensi- 
ties. In  the  meantime  the  flux  is  varying — ^increasing.  In  Art.  481  it  is 
explained  why  the  current  and  consequent  flux  of  any  conductor  can  not 
reach  their  maximum  values  instantly.  The  fact  of  interest  here  is  that  they 
do  not  attain  their  maximum  values  instantly. 

In  Fig.  221,77,  the  key  K  has  just  been  closed  and  a  few  lines  of  force  encir- 
cle conductor  jB.     Fig.  222,777,  IV,  V  and  VI  show  in  a  rough  diagrammatic 


conductors 


A    D 


^  r 


^.  }> 


Vgttjin^nux- 


%. 


A    ^ 

( 


k     D 


\     ¥arying  FJux  \ 


^:iW 


m^. 


in-Second  Instant  H-Third  Instant         Y" Fourth  Instant  YT" Fifth  Instant 

FiQ.  222. — Variable  flux  consisting  of  circular  lines  of  force  cutting  conductor  A. 


way  the  increasing — ^varying — numbers  of  lines  of  force  that  might  be  formed 
at  successive  instants  as  the  current  in  B  increases.  In  VI,  it  is  assumed 
that  the  current  and  flux  has  reached  its  maximum,  steady  value  and  will 
continue  at  that  value  until  A'  is  opened.  The  maximum  number  of  circular 
lines  of  force  that  the  current  flowing  can  generate  is,  then,  shown  in  VI. 

As  the  flux  increases — varies —  these  circular  lines  of  force  may  be  thought 
of  as  emanating — expanding  outwardly — from  the  axis  of  a  conductor,  in 
much  the  same  way  as  concentric  smoke  rings  emanate  from  the  stack  of  a 
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locomotive  or  the  tipples  emanate  from  the  point  where  a  pebble  is  dropped 
into  a  pond.  However,  circular  lines  of  force  around  a  current-carrying 
conductor  always  form  and  expand  at  right  angles  to  the  conductor  (Fig.  222) 
and  they  form  very  rapidly.  It  will  be  noted  from  Fig.  222  that  certain  cir- 
cular lines  produced  by  current  in  conductor  B  have  cut  conductor  A.  The 
lines  that  cut  A  generate  an  e.m.f .  therein  in  the  direction  indicated  by  the 
arrows  (check  this  direction  with  the  hand  rule  of  Art.  427).  In  VI  the  flux 
or  number  of  lines  is  a  maximum.  Therefore,  there  will  be  no  further  va- 
riation of  flux.  No  additional  lines  of  force  will  be  formed  nor  will  the  lines 
that  have  been  formed  move  from  the  positions  indicated — ^until  there  is  a 
change  of  current  in  R^ 

If  key  K  be  opened,  the  current  in  B  will  rapidly  but  not  instantaneously 
decrease  to  zero.  The  flux  will  vary  (decrease)  to  aero.  The  circular  lines 
of  force  Will  therefore  return  to  the  axis  of  the  conductor  and  vanish.  In 
returning  to  the  conductor  some  of  the  lines  will  cut  through  A,  The  lines 
that  cut  A  in  returning  will  be  those  that  cut  through  it,  in  the  reverse  direc- 
tion, when  the  flux  was  forming.  By  again  cutting  A,  they  again  induce  an 
e.m.f.  in  it.  But  this  e.m.f.  will  be  in  the  opposite  direction  from  that  in- 
duced during  the  instants  while  the  flux  was  varying  (increasing)  after  K  was 
closed. 

Hence  an  e.m.f.  will  be  induced  in  conductor  A  and  the  voltmeter  will  be 
deflected,  momentarily,  during  the  instants  after  K  is  opened  or  is  closed. 
That  is,  there  will  be  an  e.m .f .  induced  while  the  flux  is  varying.  When  there 
is  no  change  in  the  current  in  B,  there  can  be  no  variation  in  flux;  no  lines 
can  cut  A  and  no  e.m.f.  can  be  induced  in  A. 

462.  Induction  of  an  E.m.f.  by  Varying  the  Reluctance  of  the 
Magnetic  Circuit. — This  method  is,  as  outlined  in  Art.  450, 
merely  one  of  inducing  an  e.m.f.  with  a  stationary  conductor  and ' 
a  variable  flux.  As  the  reluctance  of  the  magnetic  circuit  is  varied 
the  flux  through  it  varies  accordingly  in  compliance  with  the 
"Ohm's  law"  of  the  magnetic  circuit  given  in  Art.  231.  The 
m.m.f.  is  assumed  to  be  constant.  As  the  flux  varies,  its  Unes 
expand  or  contract — ^in  effect  they  move — and  they  then  cut  the 
stationary  conductor  in  a  manner  similar  to  that  described  in  pre- 
ceding articles.    The  following  example  illustrates  the  principle: 

Example. — Consider  the  apparatus  of  Fig.  220.  The  permanent  magnet 
is  the  source  of  m.m.f.  and  creates  a  flux.  The  magnetic  circuit  of  this  flux 
is:  (1)  Out  of  the  N  pole  of  the  magnet.  (2)  Through  the  air  to  the  lower 
end  of  the  soft-iron  core  C,  (3)  Up  through  the  soft-iron  core.  (4)  Across 
the  air  gap  from  the  top  end  of  the  core  to  the  S  pole  of  the  permanent  mag- 
net. (5)  Through  the  permanent  magnet  to  N,  completing  the  magnetic 
circuit. 

Now  if  M  be  moved  closer  to  C  the  reluctance  of  this  circuit  will  be 
decreased.  Then  the  flux  will  be  increased.  In  increasing  the  flux  expands 
(varies)  occupying  more  volume,  as  the  additional  lines  of  force  form.  In 
expanding  some  of  the  lines  cut  the  conductors  of  the  stationary  coil  and 
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thereby  induce  therein  an  e.m.f.  If  Af  is  moved  away  from  C  the  flux  is 
decreased,  its  volume  contracts  and  an  e.m.f.  in  the  reverse  direction  is 
induced  in  the  stationary  coil. 

463.  Generation  of  an  Induced  E.mi.  with  a  Variable  Flux 
and  a  Moving  Conductor. — With  this  method  (Fig.  223)  a  con- 
ductor is  forced  through  a  pulsating  magnetic  field.  An  e.m.f. 
is  then  induced  in  the  conductor.  It  mil  be  due  to  two  agencies: 
(1)  The  movement  of  the  conductor  through  the  flux  induces  an 
e.m.f.  (2)  The  pulsating  flux  as  its  lines  expand  out  of  and  con- 
tract into  the  current-carrjdng  conductors  that  produce  them 
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Fig.  223. — Moving  conductor  in  a  variable  flux. 

also  effect  a  cutting  of  the  conductor  and  induce  in  it  another 
e.m.f.  That  is,  the  aggregate  induced  e.m.f.  is  due  to  a  com- 
bined "transformer"  (Art.  828)  and  "generator"  (Art.  609) 
action.    This  action  occurs  in  single-phase  motors. 

Example. — Assume  that  a  varying  current  is  flowing  through  the  solenoid 
of  Fig.  223.  Then  the  flux  it  develops  will  be  variable.  That  is,  it  will  be 
continually  moving,  expanding  out  of  or  contracting  into  the  conductors  of 
the  solenoid.  Now  if  conductor  A  be  forced  through  this  varjdng  flux  from 
position  A  J  to  position  A\  it  will  cut  the  lines  of  the  flux.  Thereby  an  e.m.f . 
will  be  induced  in  the  conductor.  Also,  the  flux  lines  as  ihey  move  will  cut 
the  conductor  and  induce  another  e.m.f.  in  it.  The  total  e.m.f.  induced  in 
the  conductor  will  be  the  sum  of  these  two  component  e.m.fs. 


SECTION  22 
MUTUAL  INDUCTION 

464.  Mutual  Induction  is  the  electromagnetic  induction  pro- 
duced by  one  circuit  in  a  nearby  circuit  due  to  the  variable  flux 
of  the  first  circuit  cutting  the  conductor  of  the  second  circuit. 
Figs.  221  and  222  and  the  text  accompan3ring  them  describe  the 
principle.  ''Mutual  induction"  is  merely  another  name  for 
the  phenomenon  of  the  generation  of  an  induced  e.m.f.  with  a 
stationary  conductor  and  a  variable  flux  (Art.  450).  Electro- 
static induction  is  also  sometimes  referred  to  as  mutual  induction 
but  is  an  entirely  different  phenomenon  from  electromagnetic 
mutual  induction. 

466.  The  Principles  of  Mutual  Induction  Are  Very  Important 
in  the  study  of  both  direct-  and  alternating-current  circuits. 
It  was  stated  in  Art.  100  that  one  of  the  most  essential  properties 
of  an  electric  current  is  its  power  to  generate  an  induced  cur- 
rent in  a  neighboring  circuit  by  its  own  variation.  It  follows, 
therefore,  since  there  must  always  be  an  e.m.f.  before  there  can 
be  current,  that  an  e.m.f.  can  be  generated  or  induced  in  a  cir- 
cuit by  a  change  of  current  in  a  second  circuit  not  in  electrical 
contact  with  the  first.  How  such  currents  are  induced  is 
explained  in  the  following  articles. 

466.  Primary  and  Secondary  Coils  and  Circuits. — These 
terms  are  used  in  discussions  of  mutual  induction  phenomena. 
A  primary  or  exciting  coil,  winding  or  circuit  is  the  inducer,  that 
is,  the  one  wherefrom  the  induction  emanates.  A  secondary  coil, 
winding  or  circuit  is  one  imder  induction,  that  is,  one  in  which 
an  e.m.f.  is  induced  from  a  primary  coil  or  circuit. 

Note. — Often  the  word  primary  is  used  as  an  abbreviation  for  "primary- 
coil"  or  "primary  circuit."  Likewise,  the  word  secondary  is  used  as  an 
abbreviation  for  "secondary  coil"  or  "secondary  circuit." 

Examples. — In  Fig.  221,7,  B  is  the  primary  conductor  and  A  the  second- 
ary conductor.  In  Fig.  219  the  moving  solenoid  is  the  primary  coil  and  the 
stationary  solenoid  the  secondary  coil.  See  also  Fig.  224  showing  a  primary 
and  a  secondary  winding. 
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467.  Mutual  Induction  Between  Two  Concentric  Coils. — ^As 

outlined  in  Art.  454,  every  case  of  mutual  induction  is  one  where 
the  variable  flux  of  one  circuit  cuts  a  conductor  of  another  cir- 
cuit. An  e.m.f .  is  thereby  induced  in  the  second  circuit.  As  will 
be  shown,  the  phenomenon  of  mutual  induction  between  two 
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Fio.  224. — Diagram  of  apparatus  for  showing  mutual  induction  between  two 

ooncentrio  coils. 


concentric  coils  (Fig.  225)  is  due  to  the  same  causes  as  the  mutual 
induction  between  two  parallel  conductors,  explained  in  Art. 
450.  The  following  example  illustrates  the  mutually  inductive 
action  between  two  concentric  coils: 

Example. — Consider  the  apparatus  of  Fig.  225  of  which  Fig.  224  shows  a 
diagram.     As  shown  in  Fig.  226,  there  is  no  electrical  connection  between  the 
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Fio.  225. — Apparatus  for  showing  mutual  induction  between  two  concentric 

coils. 


primary  and  the  secondary  coils.  If  the  two  wire  ends  be  touched  together 
at  ii,  Fig.  225,  so  as  to  make  electrical  connection,  a  current  will  be  forced, 
by  the  e.mi.  of  the  dry  battery,  around  the  primary  circuit  in  the  direction 
indicated  by  the  arrows  in  Fig.  224. 

Furthermore,  a  momentary  current  will  be  induced  in  the  secondary  wind- 
ing, as  will  be  indicated  by  a  momentary  deflection  of  the  voltmeter.     The 
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secondary  current  will  be  in  the  oppoeite  direction  from  the  primary  current 
as  the  arrows  indicate.  The  momentary  current  continues  an  instant  only 
and  then  decays  to  sero. 

If  the  wires  now  be  disconnected  at  A,  a  momentary  current  will  again  be 
induced  in  the  secondary  winding.  This  current  too  lasts  for  an  instant  only 
and  then  dies  out.  When  the  wires  were  first  touched  together  the  momen- 
tary current  which  flowed  in  the  secondary  winding  was  in  a  direction  oppo- 
site to  that  of  the  current  then  being  started  in  the  primary  winding.  When 
the  circuit  was  opened  at  A^  stopping  the  current  in  the  primary  circuit, 
momentary  current  was  induced  in  the  secondary  in  the  same  direction  as 
that  of  the  primary  current  which  was  being  stopped. 

When  the  primary  circuit  was  being  closed  at  A  and  when  it  was  being 
opened,  the  induced  current  in  the  secondary  circuit  was  in  such  a  direction 
that  it  opposed  the  change  in  current  in  the  primary  circuit.  The  induced 
current  opposed  the  building  up  of  a  current  in  the  primary  circuit  when  the 
circuit  was  opened  at  A.  When  the  change  in  current  in  the  primary  circuit 
ceased,  the  induced  current  ceased  also. 

Now  considering  the  magnetic  fields  generated  by  the  induced  currents  in 
the  secondary  winding:  When  current 
flowed  through  the  primary  (Fig.  224) 
the  upper  end  of  the  primary  coil  be- 
came a  north  pole  (Art.  48).  The 
induced  current  in  the  secondary 
opposed  this  production  of  a  north  pole 
at  the  top  end  of  the  coil  by  trying 
itself  to  produce  there  a  south  pole 
(Art.  48).  After  the  field  due  to  the 
primary  current  was  once  established, 
the  induction  of  an  e.m.f.  and  a  cur- 
rent in  the  secondary  ceased.  Open- 
ing the  primary  circuit  at  A  tended 
to  kill  the  field  generated  by  the  current  from  the  battery.  But  the  current 
induced  in  the  secondary  circuit  by  the  dying  down — ^varying — of  the  primary 
current  was  in  such  a  direction  that  it  tended  to  continue  the  field,  that  is,  to 
oppose  the  killing  of  it,  by  setting  up  a  field  of  its  own  in  the  same  direction. 

The  above-described  phenomena  are  merely  further  manifesta- 
tions of  the  truth  of  Lenz's  law  (Art.  435).  How  it  is  that  the 
change  of  current  in  one  coil  will  induce  an  e.m.f.  in  another  coil 
concentric  with  it  is  explained  in  following  articles.  Explana- 
tions of  current  and  electromagnetic  reactions  above  outlined 
will  also  be  given. 

468.  Mutual  Induction— What  Occurs  When  the  Flux  of  the 
Primary  Coil  Cuts  the  Turns  of  the  Secondary  Coil  of  the  two 
concentric  solenoids  is  diagrammed  in  Figs.  227  and  228.  Fig. 
228  shows  a  diagrammatic  section  of  the  two  coils  of  Figs.  224 
and  226;  the  wavy  arrows  in  the  top  view  show  the  directions  of 
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the  e.in.fs.  and  the  currents  impelled  thereby,  as  the  current  is 
increasing  (varying)  in  the  primary.  In  the  longitudinal  section, 
a  cross  in  the  sectioned  end  of  a  conductor  indicates  that  the 
current  there  is  going  in  (Symbols,  Fig.  124).  A  dot  indicates 
that  the  current  is  coming  out.  A  discussion  of  what  is  happen- 
ing, just  after  the  primary  circuit  is  closed  at  A,  as  the  primary 
current  is  increasing,  is  given  in  the  following  example: 


OS 

•p 


I-No  Current. 


.'■Secondary 
(-Js     CondiKfor  ^i^c^  ] 

*■'■  ■  ^2^  V 

•"fUmary        r-<--' 

Conductor' 


Field  of  Circular  Lines  of  Force 


sr''y\if 


Y- Fourth 
Instant. 


II-First  in-Second  IV-Third 

Instant.  Instant.  Instant. 

Fig.  227. — Showing  how  the  increasing  field  around  the  primary  conductor 
cuts  the  secondary  conductor  as  the  primary  current  increases. 


Example. — Since  the  current  flows  in  the  primary  winding  in  the  direction 
shown  (Fig.  228)  a  field  will  establish  around  each  turn  of  the  primary  coil 
as  indicated  (hand  rule,  Art.  427).  As  the  current  increases,  as  outlined  Art. 
451,  the  field  of  circular  lines  of  force  will  grow  in  about  the  same  manner 
as  with  the  straight  conductors  of  Figs.  221  and  222.  If  any  pair  of  adjacent 
primary  and  secondary  turns  of  Fig.  228,  as  for  example  S  and  P,  be  con- 


f  Full  Lines  show  Back  Ha  Ires  of  Turns. 
DoHedLwes  indfcafe  Front  Halves  of  Turns 
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Fio.  228. — Illustrating  the  formation  of  circular  lines  of  force  around  the 
conductor  of  the  primary-  coil. 

sidered  individually,  the  growth  of  the  field  associated  with  them  will  be 
about  as  diagrammed  in  Fig.  227. 

As  the  circular  lines  grow  or  emanate  out  of  P  and  spread  or  expand  in 
ever-widening  rings,  some  of  these  expanding  circular  lines  will  cut  the  sec- 
ondary conductor  &,  A  larger  picture  showing  how  circular  lines  of  force 
emanate  from  a  conductor  is  given  in  Fig.  229.  As  the  force  rings  (Fig.  227) 
from  P  expand  upward  cutting  /S,  the  result  is  the  same  as  if  <S  were  forced 
down  through  this  flux.     In  cutting  upward  through  the  secondary  the 
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lines  induce  in  it  an  e.mi.  The  direction  of  this  e.m.f.  and  of  the  current 
impelled  can  be  determined,  as  indicated  in  Fig.  230,  by  applying  the  hand 
rule  of  Art.  427.  The  direction  of  this  e.m.f.  and  its  current  is  out  of  S, 
Note  that  this  induced  current  is  in  the  opposite  direction  from  that  of  the 
exciting  current  in  P. 

If  the  hand  rule  (Art.  427)  is  now  applied  to  the  turns  on  the  opposite  sides 
of  the  coils  (for  example  S'  and  P'  of  Fig.  228)  it  will  be  found  that  the 
exciting  current  is  flowing  outward  while  the  induced  current  is  flowing 
inward.     Here  also,  then,  the  induced  e.m.f.  in  the  secondary  is  in  such  a 


■   \     /^  '     ■  ;      :^7?Sn\''    \     \Prfptari 


Fio.  229. — Showing  how  a  flux  of  circular  lines  of  force7generated  by  one  con 
ductor  cuts  another  conductor. 


direction  that  it  opposes  the  exciting  current  in  the  primary.  What  occurs 
with  the  two  turns  shown  in  Fig.  227  happens  with  all  the  other  turns  of  the 
coils.  Note  that,  looking  at  the  ends  of  the  coils  (Fig.  228,7),  the  exciting 
current  is  in  a  counterclockwise  direction,  while  the  induced  current_is  in  a 
clockwise  direction. 

Now  consider  the  magnetic  polarities  produced  at  the  ends  of  the  pri- 
mary and  the  secondary  coils  by  the  exciting  and  the  induced  currents  respec- 
tively: The  exciting  or  primary  current  (Fig.  231,7)  tends,  in  accordance 
with  the  hand  rule  of  Fig.  134  to  establish 
a  norOi  pole  at  the  upper  end  of  the  coil.     «     ,     ^  ^  '^'rf.?^"*'*  ^^ 

_,       .     ,  ,  ,  1  1.  1        Direction  of  »;-:>.     ^fwu 

The  induced  current  tends  to  establish    induced  inr--^  /^  tw-^— 
there  a  80u^  pole.    Hence  the  induced  //Svf'fev^^^*''"'^^^ 

field  tends  to  neutralize  or  oppose  the  llqjr^enf  '  il  U^ff^0^'  cSJ^^^'^ 
field  due  to  the  exciting  current.    The    ^''^'^''  \  \  0^^^^  ] 

induced  current  tends  to  oppose  any      ^     ^      ^     '  IT^-i  "^^ 
change  m  existmg  conditions  (Lenz  s  law,      current  in  ^/  \  ^^> -^,^  /      '*"''' 
Art.  435).  '"^'^'^'        ^<^^'    ^Sj'^r^/'^' 

When  the  exciting  current  in  the  pri-  p^^  230.-Relative  directions  of 
mary  winding  has  attained  its  normal  e.m.f.,  flux  and  motion, 

or  steady  value,  the  field  about  its  turns 

also  attains  a  steady  value.  Then,  no  further  circular  lines  emanate  from 
the  primary  turns.  Hence,  no  lines  will  then  cut  the  secondary  turns  and 
no  e.m.f .  will  then  be  induced  in  them.  Therefore,  after  the  exciting  current 
has  reached  its  steady  value  the  induced  current  ceases  to  exist. 

469.  Now  Consider  What  Occurs  When  the  Primary  Circuit 
Is  Opened. — If  after  the  primary  current  has  attained  a  steady 
value,  the  primary  circuit  is  opened,  the  primary  current  will 
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rapidly  though  not  instantaneously  decrease  to  zero.    As  it  does 
80  the  following  things  will  happen: 

Example. — The  flux  enshrouding  the  primary  turns  will  gradually  con- 
tract and  disappear  into  the  primary  conductor  and  finally  cease  to  exist,  as 


F/u/  Produced 
by  Cumnh,^ 


^.Primary  Coils -.^ 


Directions  y 
of  Currents. 


'."Secondary  Cof/y 


Note  :  The  Ptimary  and  Secondary  Coih  are  Shown  Side  by  Side  th  this 
Illustration  instead  of  Concentric  merely  so  tttat  the  f^cturt  can  be 
more  readiiy  understood. 

I.  Primary  Current  I.  Primary  Current 

Increasing.  Decreasing. 

Fio.  231. — Showing  polarities  of  the  coils  due  to  the  currenta  therein. 

shown  in  Fig.  232.  As  they  contract,  some  of  these  circular  lines  of  force  will 
again  cut  the  secondary  turns — ^but  this  time  in  the  reverse  direction — and 
again  an  e.m.f-.  will  be  induced  in  the  secondary  turns.    Hence  (by  the  hand 
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Fio.  232. — Showing  how  the  decreasing  field  around  the  primary  conductor  cuts 
the  secondary  conductor  as  the  primary  current  decreases. 


rule  of  Art.  427),  the  induced  e.m.f.  and  current  in  the  secondary  circuit  will 
now  be  in  the  opposite  direction  to  that  when  the  primary  current  was  build- 
ing up. 

Also,  the  induced  current,  as  shown  in  Fig.  231,7/  tends  to  continue  the 
north  pole  already  established  by  the  primary  current.     Again,  the  induced 
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current — ^although  it  is  now  in  the  reverse  direction  from  that  first  con- 
sidered (Fig.  231,7) — i«nd»  to  oppose  any  change  in  existing  condUiona, 

Thus,  the  principle  of  mutual  induction  has  been  explained 
and  its  agreement  with  the  statements  of  Lenz's  law  (Art.  435) 
has  been  verified. 

460.  The  Mutual  Induction  Between  Two  Parallel  Conductors 
is  illustrated  by  Figs.  221  and  222  and  the  phenomena  is  described 
in  the  article  accompanying  them.  A  practical  example  of 
mutual  induction  between  parallel  wires  is  given  in  Art.  451. 

461.  Circuits  Are  Mutually  Inductive. — Designate  one  of  any 
pair  of  mutually  inductive  circuits  as  A  and  the  other  as  B. 
Then  the  flux  which  cuts  B,  produced  by  a  current  of  1  amp.  in 
A,  will  be  the  same  as  the  flux  which  cuts  A,  produced  by  a 
current  of  1  amp.  in  B.  Thus  the  two  circuits  are  mutually 
inductive. 

.   /f/re  Carrj^fna  Current.^ 

^::^7cl€phone   Receivers ■"'''^:=^\     J^=^\y^^^P^^'^^^^^^ 

l-Untranspo6ed  H- Transposed 

Fio.  233. — Illustrating  mutual  induction  between  parallel  circuits  and 
showing  transposition. 

462.  Mutual  Induction  Between  Parallel  Circuits.  Trans- 
position.— ^A  line  wire  carrying  an  electric  current  will  induce  in 
wires  installed  parallel  to  it  (Fig.  233)  an  e.m.f.^  as  shown  in  Figs. 
221  and  222,  when  the  current  in  the  line  wire  varies.  If  the 
wires  in  which  the  e.m.f.  is  induced  constitute  a  part  of  a  closed 
circuit,  a  current  will  be  forced  through  the  circuit.  In  all  cases 
in  practice  the  e.m.f.  thus  induced  is  relatively  small.  If  the 
inducing  wire  is  far  away  from  the  wires  in  which  the  e.m.f.  is 
induced,  the  e.m.f.  will  be  so  small  as  to  be  imperceptible  with 
even  the  most  delicate  instruments. 

Note. — If  the  wires  are  reasonably  close  together  the  e.m.f.  may  be  great 
enough  that  its  effects  can  be  detected  and  measured  and  then  it  may  make 
trouble.  The  ordinary  telephone  receiver  is  very  delicate — ^a  current  of  0.003 
to  0.005  amp.  will  produce  an  audible  click  in  one.  Hence,  electric  lighting, 
street  railway  and  power  lines,  all  of  which  carry  relatively  heavy  currents, 
frequently  induce  currents  in  telephone  circuits  which  render  the  circuits 
"  noisy."  Noise  in  telephone  lines  may  also  be  due  to  electrostatic  induction 
as  well  as  to  electromagnetic  induction.  Often  the  conversation  of  one  tele- 
phone circuit  may  be  reproduced  in  another  telephone  circuit  by  virtue  of 
this  inductive  action.    The  effect  thus  produced  is  then  called  cross  talk. 
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Example. — In  Fig.  233,7  the  circular  lines  of  force  emanating  from  and 
returning  to  the  line  wire  AB,  as  the  current  in  it  varies,  will  cut  wires  CD 
and  EF  (Art.  451)  of  the  telephone  circuit  and  induce  in  both  an  e.m.f .  It 
can  be  shown  (hand  rule,  Art.  427)  that  the  e.m.f.  in  both  wires  will  be  in  the 
same  direction;  that  is  from  right  to  left  or  from  left  to  right  in  the  picture. 
However,  more  lines  will  cut  CD  than  cut  EF,  because  EF  is  the  more  dis- 
tant. Hence,  a  greater  e.m.f .  will  be  induced  in  CD  than  in  EF.  This  excess 
of  e.m.f .  in  CD  will  force  a  current  through  the  telephone  circuit  in  the  direc- 
tion shown  by  the  arrows  when  the  current  in  AB  is  increasing.  When  the 
current  in  AB  is  decreasing  the  excess  e.m.f .  and  the  current  it  impels  in  the 
telephone  circuit  will  be  in  a  direction  the  reverse,  of  that  indicated.  These 
currents  in  the  telephone  circuit  may  produce  noise  in  the  receivers. 

If  now  the  telephone  circuit  be  transposed  as  at  77,  the  e.m.fs.  induced  in 
the  telephone  circuit,  when  the  current  in  A 'J?'  is  increasing,  will  be  in  the 
directions  shown  by  the  dotted  arrows.  But  the  total  em.f .  induced  in  CG, 
GJH  and  HD'  will  exactly  equal  the  total  e.m.f.  induced  in  EV,  GIH  and 
HF\  This  is  because  transposing  the  telephone  wires  has  the  effect  of  mak- 
ing the  average  distance  between  the  inducing  wire  and  each  side  of  the  tele- 
phone circuit  the  same.  Hence,  the 
Copper  Conductors       ^raid  Covering      e.m.f.  induced  in  one  telephone  line  wire 

will  "neutralize"  that  induced  in  the 
other  telephone  line  wire.    Then,  no  cur- 

^ . ^  rent  can  be  impelled  and  no  noise  can  be 

' Diifahcebefwten  produced  in  the  telephone  receivers. 

jransposifioits  NoTB  that  the  length  of  the  section 

Fig.  234.— Twisted-pair  or  duplex.    "2d"  of  the  line  must  be  equal  to  just 

twice  that  of  sections  "d"  and  "d"  to  in- 
sure that  the  e.m.fs.  induced  in  each  of  the  telephone  line  wires  will  cancel. 
Example. — ''Twiated-pair"  wire  (Fig.  234)  such  as  that  used  for  tele- 
phone circuits  offers  a  splendid  example  of  transposed  wires.  Each  twist  is, 
in  effect,  a  transposition.  Hence,  with  these  conductors,  the  transpositions 
are  only  an  inch  or  two  apart  amd  the  troubles  caused  by  mutual  induction 
are  thereby  effectively  eliminated. 

463.  Induction  or  Ruhmkoiff  Coils  (Fig.  235)  are  really  trans- 
formers with  an  open  magnetic  circuit,  which  operate  with  a  pul- 
sating direct  current  in  their. primary  windings.  The  induced 
current  in  their  secondary  windings  is  alternating.  Induction 
coils  are  used  where  it  is  desired  to  obtain  a  high  secondary  vol- 
tage of  little  power-wattage  (Art.  159).  The  induction  coil 
operates  by  virtue  of  the  principle  of  mutual  induction  (Art.  464). 
The  secondary  winding  consists  of  many  turns  of  fine  wire  wound 
over  the  primary  winding  which  comprises  a  few  turns  of  heavy 
wire.  The  core  is  a  bundle  of  iron  wires.  See  "Spark  Coils," 
Art.  468.  The  principle  can  be  best  explained  by  considering 
a  specific  example. 

Example.— If  the  switch  &  (Fig.  235)  be  closed,  current  will  flow  in  the 
primary  circuit  and  winding.    This  establishes  a  flux  through  the  core  within 
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the  primary  coil  which  flux  cuts  the  secondary  turns  in  establishing.  Gore  C 
then  becomes  an  electromagnet  and  attracts  iron  armature  A,  which  breaks 
or  opens  the  primary  circuit  at  7.  As  this  circuit  is  broken  abruptly  the  flux 
returns  to  its  primary  turns  and  vanishes  and  in  so  doing  cuts  all  of  the 
secondary  turns,  inducing  in  them  an  e.m.f.  This  secondary  e.m.f.  will  be 
much  greater  than  the  primary  e.mi .  as  the  number  of  turns  in  the  second- 
ary winding  is  greater  than  the  number  of  turns  in  the  primary  winding. 
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Fio.  235. — Induction  or  Ruhmkorff  coil. 

The  secondary  voltage  thus  induced  is  high  enough  to  develop  a  powerful 
spark  across  the  air  gap  or  gaps  in  the  secondary  circuit. 

The  vibrator,  now  that  the  core  is  de-magnetized,  springs  back,  due  to  its 
resiliency.  This  closes  the  primary  circuit  at  the  platinum  contactors. 
Now,  current  again  flows  in  the  primary  circuit  and  the  cycle  of  operations 
just  described  is  repeated  as  long  as  the  primary  switch  remains  closed.  The 
make-and-break  action  at  the  contactors  is  precisely  like  that  of  an  electric 


^  7b  Me  fa/  Frame 

of  Macfftne 

FiQ.  236. — IgnitioD  system,  using  an  induction  coil,  on  an  automobile. 

vibrating  bell  (Art.  285).  The  e.m.f.  induced  as  the  circuit  is  opened  is 
much  greater  than  that  as  the  circuit  is  closed.  The  condenser  decreases 
the  arcing  at  the  make-and-break  contact  and  assures  an  abrupt  breaking 
of  the  primary  circuit  and  a  consequent  rapid  contracting  of  the  flux.  This 
(Art.  438)  promotes  the  generation  of  a  high  secondary  e.m.f.  A  t3rpical 
avAoTMihilt  ignition  system  is  diagrammed  in  Fig.  236  which  shows  how  an 
induction  coil  is  connected  into  such  circuits. 


SECTION  23 
SELF-INDUCTION 

464.  Self-induction  is  that  phenomenon,  whereby  a  change  in 
the  current  in  a  conductor  induces  an  e.m.f.  in  the  conductor 
itself.  This  induced  e.m.f.  is  always  in  such  a  direction  that  it 
tends  to  oppose  any  change  in  the  current  in  the  conductor  (Lenz's 
law,  Art.  435).  The  opposing  e.m.f.  thus  produced  is  called  the 
counter  e.m.f,  of  self-induction. 

466.  Self-induction  of  a  Straight  Wire. — Self-induction  occurs 
only  when  there  is  a  change  in  current.  In  Fig.  237  are  shown 
six  views  of  the  same  conductor  cut  through.  At  /  there  is  no 
current.  Now  current  is  forced  through  the  conductor  and  it 
rapidly,  though  not  instantaneously,  attains  the  maximum,  steady 

Cnsi^Stcfhn  of  CeodiKhr  ^-^^Flyx     ^<-;-s^-^^         y-^JT-VJ:^ 

l*- No  Current        I- First  Instant  H-Seoond  Instant  If- Third  Instant  Y-foi/rth  Instant    n-Fif1ti  Instant: 

('    Current  tta*  \  (Current  Steodu) 
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I  mum  Value      / 
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(flowing  anay  from  Reader) 

Fia.  237. — Generation  of  e.m  f .  in  a  conductor  by  self-induction  with 
increasing  current. 

rate  of  flow  due  to  the  e.m.f.  appUed.  A  flux  of  circular  lines  of 
force  is  developed  around  the  conductor  as  the  current  increases. 
The  circular  lines  originate  at  the  center  of  the  conductor  and 
expand  outwardly  as  described  in  Art.  451.  At  //,  III,  IV,  V 
and  VI  are  shown  the  conditions  that  might  obtain  at  the  ends  of 
5  successive  instants  after  the  switch  connecting  the  source  of 
e.m.f.  to  the  conductor  is  closed. 

As  the  circular  lines  of  force  expand  outwardly  all  of  them  cut 
some  of  the  conductor  and  part  of  them  cut  all  of  the  conductor. 
Thereby  a  counter  e.m.f.  is  induced  in  the  conductor.  At  the  end 
of  the  fourth  instant  the  current  has  attained  its  maximum  value 
and  no  more  lines  of  force  are  developed.  Hence,  none  cuts  the 
conductor  after  the  end  of  the  fourth  instant.    The  flux  will 
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then  remain  as  diagrammed  at  VI  as  long  as  the  current  is  steady. 
Only  a  few  of  the  force  lines  are  shown  in  Fig.  237.  Actually 
there  would  be  many  and  some  would  lie  at  great  distances  from 
the  conductor. 

Now  if  the  circuit  of  which  the  conductor  of  Rg.  237  forms  a 
part  is  opened,  flow  of  electricity  will  not  cease  immediately  al- 
though it  will  die  out  rapidly  but  not  instantaneously.  The  cir- 
cular lines  of  force  will  then  return  to  the  center  of  the  conductor 
and  vanish  as  diagrammed  in  Fig.  238.  In  so  doing  they  will 
again  cut  the  conductor,  again  inducing  therein  an  e.m.f.  This 
e.m.f.  will  be  opposite  in  direction  to  that  induced  when  the 
flow  was  increasing.  Every  induced  e.m.f.  is  in  such  a  direction 
as  to  oppose  any  change  in  existing  conditions  (Art.  435). 

466.  Self-induction  in  a  Coil  is  produced  somewhat  as  dia- 
grammed in  Fig.  239.     If  an  e.m.f.  is  impressed  across  the  termi- 
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Fio.  238. — Generation  of  e.m.f.  in  a  conductor  by  self-induction  with  decreas- 
ing current. 

nals  of  the  coil  there  shown,  a  current  will  "build  up"  in  the  coil 
as  explained  in  Art.  458.  This  current  will  cause  a  flux  of  circular 
lines  of  force  to  emanate  from  each  turn  of  the  coil.  These  lines 
will  cut  the  turn  which  produces  them  and  will  also  cut  all  of 
the  other  turns  of  the  coil  as  they  expand  outwardly.  Thus,  as 
the  current  increases,  the  expanding  lines  wUl  induce  an  e.m.f., 
in  the  conductors  of  the  coil,  which  will  be  in  such  a  direction 
(hand  rule,  Art.  427)  that  it  will  oppose  the  increase  of  cur- 
rent (Lenz's  law,  Art.  435).  When  the  switch,  connecting  the 
coil  terminals  to  the  source  of  e.m.f.,  is  opened,  the  current 
will  decrease  to  zero  and  the  circular  lines  will  then  contract 
into  their  conductors.  In  doing  this  they  will  again  cut — 
in  a  reverse  direction — the  conductors  and  induce  in  them  an 
e.m.f.,  which  will  be  (hand  rule,  Art  427)  in  the  same  direction  as 
that  of  the  now-decreasing  current  which  is  producing  it.  Hence 
i}m  e.m.f.  will  tend  to  maintain  the  current  in  the  coil. 
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Example. — The  current,  in  ''building  up"  in  the  coil  of  Fig.  239,  reaches 
its  maximum  value  in  the  portion  of  the  coil  at  which  it  enters  before  it  does 
in  the  portions  of  the  coil  further  away  from  this  first  turn.  The  conditions 
an  instant — a  very  short  interval — after  the  closing  of  the  circuit  are  shown 
in  the  illustration.  The  current  in  the  first  turn  5i,  develops  a  flux  which  cuts 
4i.  It  induces  in  4i  an  e.mj.  opposite  in  direction  to  the  direction  of  cur- 
rent flow.  The  lines  emanating  from  the  other  turns  also  cut  adjacent  turns 
and  also  induce  in  them  counter-e.m.f  .s. 

If  the  magnetic  flux  of  the  entire  coil  (as  in  Fig.  133,/)  be  considered,  it 
will  be  found  that  the  e.m.f .  of  self-induction  tends  to  set  up  a  flux  in  oppo- 
sition to  that  due  to  the  "  rising  "  or  increasing  current  in  the  coil.  When  the 
current  in  the  coil  is  decreasing,  the  e.m.f .  then  induced  tends  to  set  up  a  flux 
in  the  same  direction  as  that  due  to  the  now-decreasing  current.     Note  that 


Current.. 
Out 


Front  Ha  ff  of. 
Coll  •iff orrn/n  \^'''..  I 
DoffedUne^     J-^V 


Current  In 


Ffux  of  Circular 
Lines  of  force 


I.  2.  ^S, 

A  Dot  (')  in  the  Secf/ona/  tncf  of  a  Conductor  indicates  tttat  the 
Direction  of  Current  is  out  of  the  Paper  toward  the  Reader. 
A  Cross  (t)  md/cates  that  the  Current  is  fiorrins  ^fra^  from  the 

Fio.  239. — Illustrating    the  phenomenon  of  self-induction  in  a  coil  or  helix. 


the  current  is  always,  since  it  is  a  direct  current,  in  the  same  direction 
whether  it  is  increasing,  steady  or  decreasing.  But  the  direction  of  the 
self -induced  e.m.f.  when  the  current  is  increasing  is  opposite  to  that  of  the 
e.m.f.  induced  when  the  current  is  decreasing.  This  state  of  affairs  is  to 
be  expected  because  Lenz's  law  (Art.  435)  states  that  any  induced  e.m.f.  is 
always  in  such  a  direction  as  to  oppose  any  change  in  existing  conditions. 

467.  Elimination  of  Self-induction. — Self-induction,  as  ex- 
plained in  Art.  465,  is  caused  by  the  circular  lines  of  force  devel- 
oped by  current  in  conductors,  cutting  the  conductor.  If  the 
formation  of  these  circular  lines  of  force  can  be  prevented,  there 
can  be  no  self-induction.  If  two  conductors  lie  parallel  to  one 
another  and  the  current  in  each  is  flowing  in  an  opposite  direc- 
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tion,  the  field  developed  about  one  will  oppose  the  field  about 
the  other  (Art.  210).  Hence,  if  a  circuit  is  looped  back  upon 
itself,  as  shown  in  Fig.  240,J,  the  field  due  to  one  side,  A,  of  the 
circuit  will  oppose  that  due  to  B,  the  other  side.  Since  the 
same  current  flows  in  A  as  in  B,  the  fields  around  each  of  these 
conductors,  that  the  current  tends  to  set  up,  wUl  be  equal  and 
opposite.  The  result  is,  that,  if  the  conductors  A  and  B  are  very 
close  together,  the  fields  will  almost  wholly  neutralize  each  other 
and  there  will  be  no  appreciable  self-induction.  The  further 
apart  the  wires  A  and  B,  the  greater  the  self-induction.  Such  a 
circuit  is  termed  a  nan-inductive  circuit.  Similarly,  a  non-indv^ 
tive  coil  can  be  wound  as  shown  at  II.  The  wire  with  which  the 
coU  is  wound  is  looped  back  upon  itself  before  it  is  served  around 
the  core.  Coils  so  wound,  even  if  on  iron  cores,  have  no  appreci- 
able self-induction. 

Examples. — Resistance  coils  used  in  commercial  ammeters  and  volt- 
meters and  in  practically  all   other  electrical  measuring  instruments  are 


-S± -*^      ^^..v^;     -^t^ 
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1- Ron-Inductive  Circuit  H"  Non-inductive  Coil 

Fio.  240. — Methods  of  eliminating  self-induction. 

wound  non-inductively,  as  are  standard  resistance  coils.  Non-inductive 
coils  are  also  used  to  a  considerable  extent  in  telephone  apparatus  where  it  is 
desired  to  obtain  resistance  without  inductance. 

468.  Spark  Coils  (Fig.  241)  are  merely  coils  of  many  turns  of 
insulated  copper  wire  wound  on  soft  iron  cores.  Due  to  its  self- 
induction,  a  spark  coil  will  induce  a  high  e.m.f.  in  the  circuit  in 
which  it  is  connected  in  series  with  a  battery,  at  the  instant  when 
the  circuit  is  opened.  Thus,  a  spark  or  arc  is  produced  between 
the  contactors  which  open  the  circuit.  This  spark  then  ignites 
the  gas  in  an  electric  gas-lighting  system  or  in  the  ignition  system  of 
a  gas  or  gasoline  engine.  The  core  of  a  spark  coil  is  usually  a 
bundle  of  soft  iron  wire  as  this  construction  decreases  the  eddy 
currents  (Art.  504)  and  thereby  increases  the  effectiveness  of  the 
coil.  For  further  information  concerning  spark  coils  and  their 
applications,  see  the  author's  American  Elbctrician's  Hand- 
book. 
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NoTB. — A  spark  ooil  which  will,  when  in  series  with  four  or  five  dry  cells, 
develop  a  spark  ample  for  gas  lighting  can  be  constructed  by  winding  about 
2  lb.  of  No.  16  double-cotton-covered  wire  on  a  core,  1  in.  in  diameter  and  9 
in.  long,  composed  of  a  bundle  of  soft  iron  wire.  Induction  coils  (Art.  463), 
are  now  usually  applied  instead  of  spark  coils  forintemal  engine  ignition. 


/o  >j 

6  'laj/ers  of  Nal6  rfire     : 


5terrt 
Burner 


H-O^s  Lighting  Coil 


"1  6pcfrk  Co// 
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Oasf/pe      Connectiorr  Strip   3urtcf/e\/^  ^^^^ 

Iron  Wire 

1-  Electric-ews-Llght-ng  Circuit  III- Water  proof  Coil  tor&a6En9ines 

Fig.  241. — Electric  gas-lighting  circuit  and  spark  coils  of  two  types. 

469.  An  Inductive-discharge  Resistor  to  Dissipate  Currents 
Induced  in  Field  and  Other  Magnet  Coils  when  the  switch  con- 
necting the  coil  to  its  source  of  e.m.f.  is  opened  is  arranged  sub- 
stantially as  shown  in  Fig.  242.    Switches  arranged  to  effect 


Di5charae  /ieiisfor 
Switch  Jans 


Aiftrnator  Field  Coi/s 


IZS-Yoft 
DirtcKwre/ft 
Zndfer^ 


I-5vfitch  Closed 


)ffi^ifisisfance 
n- Switch  Open 


Fio.  242. — Field-discharge  switch. 


such  connections  are  termed  field-discharge  switches  and  the 
resistors  used  in  combination  with  them  are  fiM-discharge^. 
resistors. 

Note. — When  the  field  circuit  of  a  generator  or  that  of  any  powerful 
magnet  (for  example,  a  lifting  magnet)  is  opened,  the  e.m.f.  of  self-induction 
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is  high,  because  the  inductance  of  such  a  coil  is  high.  If  such  a  circuit  is 
opened  instantaneously,  the  rate  of  change  ofcwrrent  (Art.  483)  is  very  high 
and  the  induced  e.mi .  is  correspondingly  high — ^many  thousand  volts  in  some 
cases.  Such  high  e.m.fs.  may  puncture  the  insulation  between  the  winding 
and  the  frame  or  core  of  the  coil  and  thus  ground  the  winding. 

However,  if  as  the  switch  opens,  a  high  resistance  is  connected  across  the 
field  coils  as  at  11,  the  current  in  them  dies  out  rather  slowly.  The  rate  of 
change  of  current  is  then  low.  The  e.m.f.  of  self-induction  is  correspond- 
ingly low  so  that  it  can  do  no  damage.  This  high  resistance  across  the  field 
coil  terminals  performs  somewhat  the  same  function  as  does  the  short-cir- 
cuiting bar  across  the  switch  of  Fig.  243,///.  The  resistance  of  a  discharge 
resistor  should  be  determined  by  the  characteristics  of  the  coils  that  it 
protects. 

-I-   -                                                                 Wires  ^itf  c/ase  io^fier       . 
250' h -H 
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(a(Hfknru 
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Ammeter  and  3  Ohm  Rto) 

H- E.M.F.  Impressed  m- E.M.F.  Discontinued 

Fio.  243. — Diagrams  of  apparatus  for  illustrating  effect  of  inductance  in  a  circuit. 


Note. — In  opening  a  field  circuit  which  has  no  discharge  resistor,  the 
switch  should  be  opened  very  slowly,  which  permits  the  arc  to  draw  out 
between  the  switch  jaws  and  blades.  If  this  is  done,  the  current  will  change 
— decrease — ^in  the  field  circuit  rather  slowly.  Then  the  induced  e.m.f.  will 
not  be  nearly  so  high  as  if  the  switch  were  opened  suddenly. 

470.  The  Direction  of  the  E.mi.  Induced  When  a  Circuit  Is 
Opened  Can  Be  Shown  and  its  agreement  with  the  rulings  of 
Lenz's  law  (Art.  436)  can  be  verified  with  the  apparatus  dia- 
grammed in  Fig.  244,  as  described  in  the  following  example: 

Example. — When  the  key  is  closed,  a  current  flows  as  at  7.  It  divides  at 
A,  a  portion  flowing  through  the  galvanometer  and  a  portion  through  the 
inductive  coil.  This  causes  a  deflection  of  the  needle,  say,  to  the  right.  With 
one's  hand  the  needle  should  now  be  pushed  back  to  the  sero  position  and 
restrained  there  with  a  small  block  to  prevent  its  turning  to  the  right.  If 
the  key  is  now  opened  (77),  a  momentary  current  of  self-induction  will  be 
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forced  around  through  the  galvanometer  by  the  e.m.f.  of  self-induction 
developed  in  the  helix.  This  produces  a  momentary  deflection  of  the  gal- 
vanometer needle  to  the  left.    This  indicates  that  the  current  induced  in  the 

Indvcf/ve  So/er?o/d-^ 


Oalranpmefvr 

^|i|i|h^ 

1-  Key  Closed  IT-  Key  Open 

Fig.  244. — Apparatus  for  demonstrating  directions  of  induced  e.m.f s. 

helix  at  the  instant  the  key  was  opened,  was  in  the  same  direction  as  that  of 
the  original  battery  current.  The  arrows  in  the  diagrams  indicate  the  cur- 
rent directions.  A  consideration  of  these  will  prove  the  truth  of  the  fore- 
going statement. 


SECTION  24 
INDUCTANCE 

471.  Inductance  is  the  ability  of  an  electric  circuit  to  produce 
an  e.m.f .  by  electromagnetic  induction  when  the  current  in  the 
circuit  changes  or  varies.  As  outlined  in  Art.  418,  an  e.m.f.  is 
induced  in  a  conductor  when  lines  of  force  cut  the  conductor. 
When  the  current  in  a  circuit  varies  (Fig.  222)  the  flux  of  lines 
of  force,  due  to  the  current,  expands  when  the  current  increases 
and  contracts  when  the  current  decreases  and,  in  thus  moving, 
the  Unes  will  cut  any  conductor  located  within  their  range  of 
action.  It  is  due  to  this  phenomenon,  described  in  detail  in  Art. 
451,  that  circuits  have  inductance.  The  induced  e.m.f .  is  always 
in  such  a  direction  that  it  opposes  the  change  of  current  producing 
it  (Lenz's  law.  Art.  435). 

ExAMFLB. — It  is  due  to  inductance  that  an  e.mi .  is  induced  in  conductor  A 
of  Fig.  222  when  the  current  in  conductor  B  changes  or  varies — ^increases  or 
decreases. 

472.  The  Unit  of  Inductance  Is  the  ^^Henry." — It  is  so  called 
in  honor  of  the  American  scientist,  Joseph  Henry,  who  made  im- 
portant magnetic  discoveries.  A  circuit  has  an  inductance  of 
1  henry  when  a  current  changing  at  the  rate  of  1  amp.  per  sec.  in- 
duces  an  e.m.f.  of  1  voU  in  the  circuit.  This  induced  e.m.f.  is 
always  in  such  a  direction  as  to  oppose  the  force  that  produces  it 
and  to  oppose  any  change  in  the  var3dng  current  that  is  inducing 
it.  These  conditions  must  obtain  so  that  Lenz's  law  (Art.  435) 
wiU  be  satisfied.  As  the  ''henry"  is  a  large  imit,  the  one-thou- 
sandth part  of  it,  or  the  millihenry,  is  most  frequently  used.  The 
millihenry  =  HjOOO  or  10"'  henry. 

Example. — The  inductances  in  henrys  of  some  familiar  objects  are'  given 
in  Table  480. 

473.  The  Real  Significance  of  the  Unit  '%e  Henry''  can  best 
be  explained  from  the  consideration  of  a  specific  example  where 
the  mutual  inductance  of  two  adjacent  conductors  is  1  henry: 

ExAMPLB. — Imagine  a  primary  and  a  secondary  conductor  arranged  as 
shown  in  Fig.  245.    The  number  of  circular  lines  of  force -enshrouding  A — 
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or  any  other  conductor-carrying  current — ^is  proportional  to  the  current  in  it. 
If,  then,  the  current  in  A  is  doubled,  the  number  of  lines  in  its  flux  is  doubled. 
If  the  current  is  halved,  the  number  of  lines  is  halved.  When  there  is  an 
increase  or  decrease  in  the  current  in  A,  there  is  a  corresponding  increase 
(spreading  out)  or  decrease  (contracting  in)  of  the  number  of  circular  lines 
in  its  flux. 

Now  assume  that  the  proportions  of  conductors  A  and  B  and  the  distance 
that  they  are  apart  from  one  another  are  such  (the  illustration  is  not  to  scale 
by  any  means)  that  when  the  current  in  A  is  changed  1  amp.,  100,000,000 
lines  of  force  (emanating  from  A  if  the  current  in  it  is  increased  or  contracting 
into  A  if  the  current  in  it  is  decreased)  from  A  will  cut  B,  How  it  is  that 
these  circular  lines  from  A  will  cut  B  is  explained  in  Art.  451. 

For  example,  if  no  current  is  flowing  in  A  and  then  a  current  of  1  amp.  is 

forced  through  A,  there  is  then  a 
^^  ^*    ->^-,;^  change  (increase)  in  current  of  1  amp. 

'  ^  '  ~  Because  of  the  proportions  and  ar- 

rangement of  A  and  B,  which  is  speci- 
fied above,  100,000,000  lines  of  force 
emanating  from  A  will  cut  B,  Con- 
ductor A  may  produce  more  than  100,- 
000,000  lines  wlien  1  amp.  flows  in  it 
but  only  this  number  cuts  B,  Like- 
wise if  the  current  in  il  be  changed 
from  12  amp.  to  11  amp.,  there  is  a 
change  (decrease,  in  this  case)  of  1  amp. 
in  current.  Again,  100,000,000  lines 
— contracting  into  A — ^will  cut  B, 
Any  change  increase  or  decrease — of 
1  amp.  in  current  in  A  will  cause 
100,000,000  lines  to  cut  B, 

If  by  using  a  rheostat  or  by  some 
other  device,  the  current  in  il  be 
gradually  and  uniformly  changed  so 
that  it  requires  just  1  sec.  to  effect 
in  A  a  change  of  1  amp.,  then 
100,000,000  lines  per  sec.  will  cut  B.  Therefore  (because  when  lines  cut  a 
conductor  at  the  rate  of  100,000,000  per  sec.  An  e.m.f.  of  1  volt  will  be  in- 
duced in  the  conductor.  Arts.  226  and  438),  an  e.m.f.  of  1  volt  will  be  in- 
duced in  B. 

Hence,  it  follows  from  the  definition  of  the  henry  (Art.  472) 
that  the  mutual  inductance  of  conductors  A  and  B  is  1  henry — 
because  a  change  of  1  amp.  per  sec.  in  A  induces  an  e.m.f.  of 
1  volt  in  B. 

474.  Inductance  Is  Proportional  to  the  Number  of  ''Cutting" 
Lines  per  Ampere.^ — If  the  situation  outlined  in  Art.  418  be  con- 
sidered further  it  will  be  noted  that  the  inductance  of  a  circuit 
or  conductor  depends  wholly  on  the  number  of  lines  developed, 


Fio  245  — niustratiDg  the  significance 
of  the  henry. 
Note. — It  should  be  understood 
that  the  actual  flux  does  not  end 
abrupUy  as  diagrammed  above. 
Actually  the  flux  extends  to  a  very 
great  distance  from  conductor  A. 
Its  intensity  decreases  gradually  from 
a  maximum  at  the  conductor  to  sero 
at  a  Tery  great  distance. 
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per  ampere  of  current,  which  cut  the  conductor  or  circuit  in 
which  the  e.m.f.  is  induced.  It  is  obvious  that  all  of  the  lines 
produced  by  the  inducing  current,  may  not  cut  the  conductor 
in  which  the  e.m.f.  is  induced.  Hence  inductance  is  numerically 
proportioned  to  the  number  of  effective  or  cutting  lines  per  ampere. 

Example. — If  a  current  of  1  amp.  in  a  circuit  develops  100,000,000  cutting 
lines,  the  inductance  is  1  henry.  If  a  current  of  1  amp.  develops  100,000 
cutting  lines,  the  inductance  is  1  millihenry. 

NoTB. — Other  Defikitions  of  Inductance  which  are  sometimes  given, 
but  which  when  analyzed  will  be  found  to  have  the  same  meaning  as  that 
suggested  above  are: 

1.  Inductance  is  equal  to  the  increase  in  the  number  of  linkages  per  unit 
increase  in  current.  When  the  permeability  of  the  magnetic  circuit  is  con- 
stant, the  inductance  is  also  constant  and  is  equal  to  the  linkages  per  unit 
current  (Pender's  American  Handbook  for  Electrical  Engineers). 

2.  Indttdance  is  the  total  magnetic  flux  threading  the  circuit  per  unit 
current  which  flows  in  the  circuit  and  produces  flux. 

3.  Inductance  of  a  circuit  is  proportional  to  that  value  of  e.m.f.  produced 
in  it  by  a  unit  rate  of  variation  of  current  through  it. 

4.  Inductance  is  the  ratio  between  the  total  induction  through  a  circuit 
and  the  current  producing  it. 

Note. — ^Thb  Self-inductance  of  a  Circuit  and  Its  Permeance  Are 
THE  Same  Thing. — But  the  unit  of  inductance,  the  henry,  is  a  much  larger 
unit  than  that  of  permeance,  the  perm  (Art.  238)  just  as  the  mile  is  a  larger 
unit  of  measure  than  the  inch.  Assuming  constant  permeability,  the  per- 
meance of  a  given  circuit,  in  perms,  is  numerically  equal  to  the  number  of 
lines  of  flux  developed  by  that  circuit  when  there  is  a  currerU  of  1  amp.  in  it. 
Furthermore,  the  self-inductance  of  a  circuit  is  numerically  equal  to  the 
number  of  lines  of  flux  developed  by  tfiat  circuit  -r-  100,000,000,  when  there  is 
a  current  of  1  amp.  in  it  (Art.  473).  Hence:  henrys  =  perms  -f-  100,000,000, 
and  perms  -  henrys  X  100,000,000.  The  permeance  of  a  circuit  bears  no 
particular  relation  to  the  mutual  inductance  of  the  circuit  with  some  other 
circuit  unless  the  permeance  of  the  imaginary  magnetic  circuit  which  carries 
only  that  flux  which  cuts  the  second  circuit  be  considered.  Self-inductance  (not 
mutual  inductance)  can  then  be  expressed  in  either  perms  or  henrys — ^but  the 
henry  is  the  usual  and  preferable  unit. 

476.  Inductance  Is  a  Physical  Property  of  Circuits  and  Con- 
ductors.— Inductance  is  not  a  concrete  thing.  It  is  merely  a 
name  or  term  which  signifies  a  certain  arrangement  of  an  electric 
conductor  and  a  magnetic  circuit.  The  inductance  of  a  circuit, 
conductor,  coil  or  of  any  apparatus  is  a  property  of  that  thing 
just  as  its  resistance  is  one  of  its  properties.  The  impressed 
voltage  does  not  affect  the  inductance  of  an  object.  A  conductor 
has  inductance  whether  current  flows  in  it  or  not. 

The  inductance  of  a  circuit  or  conductor  not  associated  with 
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iron  or  steel,  never  changes.  Where  there  is  iron  in  the  magnetic 
circuit,  the  inductance  may  vary  a  trifle  as  the  current  changes 
(Art.  252)  but  such  variations  are  so  inconsiderable  that  in  prac- 
tice they  usually  can  be  and  are  disregarded.  The  inductance 
of  a  circuit  or  conductor  depends  on  the  number  of  Unes  of  cut- 
ting flux  (Art.  474)  that  a  current  of  1  amp.  in  it  will  produce. 

Example. — Table  480  gives  the  inductances  in  henrys  of  some  familiar 
objects. 

476.  A  Certain  Conductor  May  Have  Different  Inductances. — 

A  given  length  of  a  conductor  of  a  certain  cross-sectional  area 
and  material  has  a  certain  definite  resistance  in  ohms.  But  this 
conductor  may  have  as  many  different  inductances  as  there  are 
different  shapes  and  forms  into  which  the  conductor  can  be  bent 
or  twisted. 

477.  Factors  That  Determine  the  Inductance  of  a  Circuit  or 
Conductor. — ^Any  expedient  that  will  increase  the  cutting  Unes  per 
ampere  (Art.  474)  of  a  circuit  or  conductor  will  increase  its  induc- 
tance. In  general,  any  arrangement  that  will  increase  the  flux 
developed  by  a  conductor,  with  a  given  current  flowing,  will  in- 
crease its  inductance.  It  follows,  then,  that  if  iron  be  associated 
with  a  conductor  its  inductance  will,  in  general,  be  increased. 
The  reason  for  this  is  that  iron,  because  of  its  great  permeance 
(Art.  239)  increases  the  flux  due  to  a  certain  current,  much  above 
the  flux  that  would  exist  if  the  magnetic  circuit  were  comprised 
wholly  of  air  or  any  other  non-magnetic  material. 

Note. — Why  the  flux  is  greater  when  there  is  iron  in  the  magnetic  circuit 
is  explained  in  Art.  217. 

Furthermore,  if  a  conductor  is  wound  into  a  coil  its  flux  is 
increased  as  described  in  Art.  214.  If  iron  is  so  placed  as  to 
provide  a  path  for  the  flux  of  the  coil,  thereby  increasing  the  flux, 
the  inductance  of  the  conductor  will  be  still  greater.  Straight 
conductors  (Art.  496)  have  relatively  httle  inductance  while  coils, 
especially  those  having  iron  cores,  may  have  very  great  induc- 
tances as  shown  in  Table  480. 

Examples. — (1)  Study  the  values  of  Table  480.  (2)  A  coil  of,  for  exam- 
ple, 40  turns  wound  on  an  iron  core  has  a  much  higher  inductance  than  the 
same  coil  of  40  turns  without  an  iron  core.  A  coil  of  15  turns  wound  on  an 
iron  core  has  less  inductance  than  a  similar  coil  of  30  turns  wound  on  an  iron 
core. 
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478.  Methods  of  Determining  Self-  and  Mutual  Inductance. 
— ^Inductance  can  be  calculated  with  fair  accuracy  for  certain 
special  cases,  examples  of  which  are  given  in  other  articles.  The 
self-  or  the  mutual  inductance  of  a  conductor  or  of  conductors  of 
non-symmetrical  shapes  must  usually  be  determined  by  experi- 
ment. Mutual  inductance  is  particularly  difficult  to  predeter- 
mine. Nearly  all  formulas  used  in  practice  for  computing  in- 
ductance give  approximate  results;  however,  the  values  obtained 
by  using  them  are  usually  accurate  enough  for  ordinary  engineer- 
ing work. 


SECTION  25 
SELF-INDUCTANCE 

479.  Self-inductance  (Art.  471)  is  the  ability  of  a  circuit  to 
produce  an  e.m.f.  within  itself  by  induction  when  the  current 
in  it  changes.  The  e.m.f.  is  induced  by  the  process  indicated  in 
Art.  471.  As  the  circular  lines  of  force  enshrouding  the  conduc- 
tor expand  out  from  or  contract  into  the  center  of  the  conductor 
they  cut  the  conductor.  Then  an  e.m.f.  is  induced  in  the  con- 
ductor. This  e.m.f.  is  always  in  such  a  direction  that  it  opposes 
the  change  of  current  producing  it  and  therefore  is  often  called 
the  counter  e.m.f.  of  self-induction.  See  Lenz's  law,  Art.  425. 
Self-inductance  is  measured  in  Henry *s  (Art.  472). 

Example. — It  is  due  to  the  self -inductance  of  the  conductor  of  Fig.  243 
that  a  counter  e.m.f.  is  induced  in  the  conductor  when  the  current  in  it 
changes. 

Note. — Coefficient  of  Self-induction  is  a  name,  now  little  used, 
meaning  "inductance."  The  term  "coefl&cient  of  self-induction"  was 
formerly  applied  to  a  numerical  value,  in  henrys,  for  inductance. 

480.  Self -inductances  of  Some  Familiar  Objects.* 

^ ^ 

nui^*  I      Resiatance      !        Inductance 

^^J^*  in  ohms  in  henryi 


CoiU  of  el^ric,  vibraiingy  caUrbeU 2.5                  0.012 

A  rmalure  of  a  magneto  (telephone)  generator : 

Plane  of  coil  in  plane  of  pole  pieces 500 .0        ,          2.7 

Plane  of  coil  perpendicular  to  plane  of  pole  I 

pieces 500.0        !          7.3 

Bell  tdephone  receiver^  with  diaphragm \  75 . 0        I  0 .  075  to  0 .  100 

Without  diaphragm ,  75.0        !  0.048  to  0.065 

Astatic  mirror  galvanometer I  5,000.0        '           2.0 

Coil  of  Aryton  and  Perry  spring  voUmeter,   1 
without   iron  core.    Length  of  coil,  2.88  j 

in. ;  external  diameter,  3  in. ;  air  core  of  coil,  |  ' 

0.6  in.  in  diameter !  333.5        j           1.5 

Common  Morse  telegraph  relay: 

Armature  against  the  poles 148 .0        j         10 .  47 

Armature  0.02  in.  from  the  poles 148 . 0                  3.71 

Armature  in  working  adjustment 


148.0  5.00 


*  The  inductance  values  tabulated  above  were  determined  by  test  and,  for  the  most 
part,  are  taken  from  Jackson's  Alternatxxg  Cubbbnts  and  Altebkating-cubbent 
Machinbrt,  Vol.  II,  pp.  48  and  49. 
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Qu:^^  RedfltADce  Inductance 

'  in  ohms  in  henrys 

Telegraph,  Bounders^  armatures  0.004  in.  from 
the  poles: 

Bobbin,  IJi  in.  by  1  in 20.0  191.0 

Bobbin,  IH  in.  by  IH  in 20.0  150.0 

Single  coil  of  a  Morse  telegraph  sounder: 
having  an  iron  core  0.31  in.  in  diameter 
and  3  in.  long;  bobbin,  0.94  in.  in  diame- 
ter   32.0  0.094 

Complete  telegraph  sounder  with  a  core  like 
that  above  but  with  a  bobbin  1.25  in.  in 
diameter 50.0  444.0 

Bare  Copper  Wire,  No.  12,  B.&.S.  or  Amer- 
ican Wire  gage,  erected  on  a  pole  line  23  ft.  * 
from  the  ground  is  calculated  by  Eennelly 

to  measure,  per  mile 8.5  0.315 

No.  6  wire  same  as  above,  per  mile 2.1  2 .  95 

Secondary  winding  of  an  indicium  coUy  cap- 
able of  giving  a  2-in.  spark 5,700.0  51.2 

Induction  coil,  19  in.  long,  8  in.  diameter : 

Primary  winding 0.145  0.013 

Secondary  winding 30,600.0  2,000.0 

Generator  field  circuits 1  to  1,000 

Armatures  J  direct  current,  between  the  bushes     0 .  02  to  50 . 0 

Field  coils  of  a  3.5-kw.,  110-volt,  direct-current 
generator 44 . 0  13.6 

Armature  of  above  machine '  0.215  0.005 

Transformer  primary  and  secondary  windings^ 
depending  on  their  output  and  the  voltage 

for  which  they  are  designed 0.001  to  50.0 

' 

481.  Self-inductance  in  a  Circuit  Prevents  the  Current  from 
Attaining  Its  Maximum  Value  Instantly. — As  the  current  in- 
creases, a  flux  emanates  from  the  conductors  of  the  circuit,  cuts 
them  and  thereby  induces  in  them  a  counter  e.m.f .  as  described 
in  Art.  465.  Refer  to  Art.  791  and  Figs.  474  and  475  which 
explain  a  hydraulic  analogy.  What  occurs  and  how  it  occurs 
can  best  be  understood  from  the  consideration  of  a  specific 
example: 

Example. — A  piece  of  No.  18  copper  wire  500  ft.  long  has  a  resistance  of 
about  3  ohms  (Table  157).  If  this  wire  be  formed  into  a  loop  250  ft.  long  as 
shown  in  Fig.  243,/,  it  will  have  practically  no  inductance  (Art.  471).  If 
now  the  switch  be  closed  impressing  110  volts  (direct  current)  across  the 
terminals  of  the  wire,  a  current  of:/  =  ^-^/^  =  110-^3=  36.7  amp. 
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will  immediately  flow  in  the  circuit.  The  current  will  probably  have 
reached  its  maximum  steady  value  of  36.7  amp.  0.001  sec.  afr  the  switch  is 
closed,  because  this  loop  circuit  has  practically  no  Inductance.teAfter  having 
attained  its  steady  value  of  36.7  amp.  it  will  remain  at  this  value  until  the 
switch  is  opened  or  the  circuit  otherwise  disturbed. 

If  this  same  500  ft.  of  No.  18  wire  is  now  wound  into  a  coil  (Fig.  243,//)  of 
certain  proportions)  it  will  have  an  inductance  of  0.04  henry.  The  arrange- 
ment and  dimensions  of  the  coil  were  so  selected  that  it  would  have  this 
inductance.  Now,  if  a  pressure  of  1 10  volts  (direct  current)  be  impressed  on 
this  coil,  the  steady-current  value  of  36.7  amp.  will  not  be  attaiend  imme- 
diately. Obviously,  the  steady  current  through  the  coil  will  be  the  same  as 
that  through  the  looped  wire  of  /,  because  both  have  the  same — 500  ohms — 
resistance.  But  an  appreciable  time  interval  will  elapse  after  the  switch  is 
closed  before  the  current  attains  this  steady  value  of  36.7  amp.  If  readings 
of  the  ammeter  shown  in  //  could  be  taken  at  O.Olnsec.  intervals  after  the 
closing  of  the  switch  they  would  be  about  as  tabulated  in  Column  C  of  Table 
482.    Fig.  224  shows  a  graphic  statement  of  these  values. 

Immediately  after  the  switch  is  closed,  the  110-volt  e.m.f.  starts  to  force  a 
current  through  the  coil  but  this  current,  because  of  the  self-inductance  of 
the  coil,  at  once  induces  in  the  conductors  of  the  coil  a  momentary  counter 
e.m.f.,  as  explained  in  Art.  465.  The  intensity  of  this  instantaneous  coun- 
ter e.mi.  is  proportional  to  the  raU  at  which  the  current  in  the  coil  is  chang- 
ing at  that  instant  (Art.  438).  The  e.m.f.  which  at  any  instant  actually 
forces  current  through  the  circuit — ^which  will  be  caUed  here  the  impelling 
e.mi. — is  the  difference  between  the  counter  e.m.f.  of  self-induction  and  the 
impressed  e.m.f.  The  impressed  e.m.f.  pushes  one  way,  as  it  were;  the 
counter  e.m.f.  the  other.  Current  is  then  forced  in  the  direction  of  that  of 
the  stronger  e.m.f. 

For  example,  consider  the  conditions  affecting  the  circuit  of  Fig.  243,// 
(Table  482  and  Fig.  246),  0.02  sec.  after  the  switch  is  closed.  The  current  is 
then  {column  C)  28  amp.,  this  value  having  been  obtained  by  experiment. 
Now,  if  28  amp.  flow  in  a  circuit  of  3  ohms  resistance,  the  e.m.f.  that  is  forc- 
ing it  through,  that  is  the  impelling  e.m.f.,  is:^  =  /X/2-28X3» 
84  wAi8. 

But  110  volts  is  impressed  on  the  circuit.  Hence  the  counter  e.m.f .  of  self- 
induction  at  that  instant  is:  110  —  84  »  26  voUs.  The  counter  e.m.f.  in  this 
circuit  0.02  sec.  after  the  closing  of  the  switch  is  then  25  volts  {column  F). 
Similar  values  have  been  worked  out  in  Table  482  indicating  numerically  the 
conditions  in  this  circuit  as  the  current  rises  to  its  maximum  value.  Note 
that  the  counter  e.m.f .  becomes  less  and  less  at  the  end  of  each  hundredth-of- 
BHBecond  interval.  This  shows  that  the  current  increases  more  dowly  as  it 
approaches  its  steady  value  of  36.7  amp. 

482.  Table  Showing  How  the  Current  in  an  Inductive  Circuit 
Increases  after  an  E.mi.  Is  Applied  to  the  Circuit. 

These  values  relate  to  the  circuit  diagrammed  in  Fig.  243,//.  It  has  3 
ohms  resistance,  0.04  henry  inductance  and  the  impressed  e.m.f.  is  110 
volts.     Fig.  246  shows  these  values  graphically. 
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INCREASING  CURRENT 

m  a  Qixuit  of  ^04  ^^^  Induclwnce 
Impressed  CHF.  ".ilO Vol+s 
Steady  Current  - 1-»  *-^-  36.7  Amp. 


001   0102  003  QCH  4)05  006  0X^7  OJ06  009  QJO    OJI    012    0.13  OH 
Ti me  ,  In  Seconds,  o-ffer  Switch  is  Closed 

FiQ.  246. — Graph  showing  how  current  in  a  closed  inductive  circuit  increases 
gradually  though  rapidly  when  an  e.m.f.  is  applied  to  the  circuit. 


A 
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number 

B 

Time  after 

closing  switch, 

seconds 

C 
Current 
intensity 

D 
Impressed 
e.m.f..  ▼cits 

B 
E.m.f .  im- 

eurrent,  volts 

F 
Counter  e.m.f . 
of  self-induc- 
tion, YOltS 

1 

0.00 

0.0 

110 

0.0 

0.0 

2 

0.01 

18.0 

110 

54.0 

56.0 

3 

0.02 

28.0 

110 

84.0 

26.0 

4 

0.03 

33.0 

no 

99.0 

11.0 

5 

0.04 

35.0 

no 

105.0 

5.0 

6 

0.05 

36.0 

no 

108.0 

2.0 

7 

0.06 

36.3 

no 

108.9 

1.1 

8 

0.07 

36.6 

no 

109.8 

0.2 

9 

0.08 

36.7 

no 

110.0 

0.0 

10 

0.09 

36.7 

no 

110.0 

0.0 

11 

0.10 

36.7 

no 

110.0 

0.0 

12 

0.11 

36.7 

no 

110.0 

0.0 

483.  Self -inductance  in  a  Circuit  Prevents  the  Current  in  the 
Circuit  from  Decreasing  Instantly  to  Zero  When  the  E.mi.  Is 
Discontinued. — ^That  is,  as  the  current  in  a  circuit  decreases, 
the  flux  of  circular  lines  of  force  due  to  the  current  contracts 
into  the  conductor  (Art.  465) .  The  lines  of  this  flux  cut  the  con- 
ductor and  induce  in  it  an  e.m.f.  which  tends  to  maintaiu  the 
current.  In  a  practically  non-inductive  circuit,  like  that  of 
Fig.  243,7,  there  is  little  tendency  to  prolong  the  current  after 
the  e.m.f.  is  removed.  But,  with  a  circuit  like  that  of  II  and  III, 
which  has  inductance,  the  tendency  is  pronounced  (Art.  471) : 

Example, — ^Assume  the  switch  of  I  to  be  closed  so  that  the  e.m.f.  of  110 
volts  is  impressed  on  the  circuit,  and  that  the  steady  current  of  36.7  amp.  is 
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flowing.  Now,  if  the  switch  on  this  circuit  be  opened  to  discontinue  the 
e.rni.  it  will  ''puir'  no  arc  or  spark — or  at  least  only  a  very  small  one. 

The  arc  that  bridges  between  the  contacts  of  a  switch  when  they  open 
a  circuit  is  a  manifestation  of  the  e.m.f.  of  self-induction.  As  such  a 
switch  is  opened,  the  current  in  the  circuit  changes — decreases — and, 
due  to  the  inductance  of  the  circuit,  an  e.m.f.  is  produced  which  tends 
to  maintain  the  current  (Art.  459).  Where  the  inductance  is  consider- 
able, the  ind\v;ed  e.m.f.  is  great  enough  to  force  the  current  across  the  air 
gap  which  is  formed  as  the  switch  contacts  separate.  This  induced  current 
is  often  of  sufficient  intensity  to  heat  the  air  in  its  path  to  incandescence. 
Thus  that  which  is  called  an  arc  is  produced. 

If,  when  a  steady  current  is  flowing,  the  switch  of  Fig.  243,7/  is  opened, 
there  will  be  a  relatively  large  arc,  indicating  a  considerable  tendency 
toward  the  prolonging  of  the  current  in  the  circuit.  When  the  switch  is 
opened  far  enough,  the  resistance  of  the  air  gap  will  be  so  great  that  the 
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DECRCASING    CURRENT 

impressed  E.M.R  w<xs  itO  Volts 
Steady  Current  was!-^=  ^s  36.7 Amp. - 


Fig 


0.01    0.0Z   OJ03  0X>4  O.QS  OjM  001  0J»  Qi09  0.\0  01     Sxi  Sq  dj4 
Time,  in  Seconds, after  Circuit  is  Short  Circuited 

247. — Graph  showing  how  current  in  a  closed  inductive  circuit  decreases 
gradually  though  rapidly  when  the  e.m.f.  is  discontinued. 


induced  e.m.f.  can  no  longer  force  current  across  it.  Then  the  arc  will  dis- 
appear and  the  current  in  the  circuit  will  cease. 

The  faster  the  switch  is  opened,  the  greater  will  be  the  induced  e.m.f. 
because  the  induced  e.m.f.  depends  on  rale  of  change  of  current  (Art.  472). 
Obviously,  the  faster  the  switch  is  opened,  the  more  rapid  will  be  the  rate  of 
decrease  of  current.  It  is  apparent  then  that,  where  the  e.m.f.  is  discon- 
tinued from  a  circuit  by  opening  a  switch,  the  intensity  of  the  e.m.f. 
induced  thereby,  depends  to  a  considerable  extent,  on  the  rapidity  with 
which  the  switch  is  opened.  The  rate  of  decrease  of  the  current  also  de- 
pends on  this. 

Now  assume  that  the  steady  current  of  36.7  amp.  is  flowing  in  the  coil 
of  Fig.  243,///,  and  that  the  e.m.f.  is  discontinued  from  it  by  short-circuit- 
ing'' the  switch  with  a  conducting  bar  laid  across  the  switch  blades  as  shown. 
(This  would  also  short-circuit  the  llO-volt  supply  main  but  it  is  assumed 
that  this  main  is  protected  at  its  source  by  circuit  breakers  which  open 
immediately  after  the  short-circuiting  bar  is  placed  across  the  switch  blades.) 
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This  leaves  the  coil  of  0.04  henry  inductance  and  3  ohms  resistance  in  an 
independent  circuit,  including  the  short-circuiting  bar  and  the  ammeter. 

The  current  in  this  independent  circuit  would,  under  these  conditions 
"die  down"  gradually — ^though  in  a  very  short  time  interval.  If  ammeter 
readings  could  be  taken  at  successive  instants  after  the  short-circuiting 
bar  was  placed,  they  would  be  about  as  given  in  column  I  of  Table  484  and 
shown  in  the  graph  of  Fig.  247.  Now  the  original  source  of  e.m.f.  (110 
volts)  has  been  eliminated.  Therefore,  the  current  now  flowing  must  be 
due  wholly  to  the  induced  e.m.f.  For  example:  At  the  end  of  0.02  sec.,  the 
current  (column  I)  is  8  amp.  The  resistance  of  the  coil  is  3  ohm.  There- 
fore, by  Ohm's  law  (Art.  134),  this  induced  e.m.f.  will  he:  E  =  R  X  I  = 
3  X  8  »  24  volts.  This  is  shown  in  column  L  of  the  table  in  which  are  given 
the  induced  e.m.fs.  at  the  ends  of  the  other  successive  intervals. 

484.  Table  Showiag  How  the  Current  in  an  Inductive  Circuit 
Decreases  When  Its  E.m.f .  Is  Discontinued. 


These  values  relate  to  the  circuit  diagrammed  in  Fig.  243,//.  It  has  3 
ohms  resistance,  0.04  henry  inductance  and  the  e.m.f.  that  was  impressed 
on  it  was  110  volts.    Fig.  247  shows  a  graphic  statement  of  these  vidues. 
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1 

110.0 
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8.0 

0 

24.0 

24.0 

4 

0.03 

3.0 

0 

9.0 

9.0 

5 

0.04 

1.5 

0 

4.5 

4.5 

6 

0.05 

1 

0.8 

0 

2.4 

2.4 

7 

0.06 

0.3 

0 

0.9 

0.9 

8 

0.07 

0.1 

0 

0.3 

0.3 

9 

0.08 

0.0 

0 

0.0 

0.0 

10 

0.09 

0.0 

0 

0.0 

0.0 

11 

0.10 

0.0 

0 

0.0 

0.0 

12 

0.11 

0.0 

0 

0.0 

0.0 

485.  The  Rate  of  Increase  of  Current  in  Any  Circuit  Can  Be 
Computed  if  the  applied  e.m.f.,  the  inductance,  and  the  resistance 
of  the  circuit  are  known.  However,  although  the  formula  in- 
volved is  not  difficult  of  solution,  its  manipulation  requires  a 
knowledge  of  a  branch  of  mathematics  with  which  most  practical 
men  are  not  familiar,  hence  it  is  not  included  here.  It  can  be 
found  in  almost  any  electrical  engineering  text  book. 
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486.  Inductance  Is  Sometimes  Called  ^'Electric  Inertia"  and 
the  Tendency  of  Currents  to  Flow  in  an  Inductive  Circuit  After 
It  Has  Been  Opened  Is  Sometimes  Called  ^'Electric  Momentum." 
— Inductance  does  produce  effects  analogous  to  those  produced 
by  mechanical  inertia.  For  example,  if  an  endeavor  is  made  to 
change  the  speed  of  a  flywheel,  the  change  is  opposed  by  the 
wheel  because  of  its  inertia.  Likewise,  if  an  effort  is  made  to 
change  the  intensity  of  the  current  in  a  circuit,  this  effort  to 
change  is  resisted  by  virtue  of  the  inductance  of  the  circuit  (Art. 
471).  As  soon  as  the  speed  of  the  flywheel  becomes  steady,  the 
inertia  effect  disappears.  When  the  current  in  a  circuit  becomes 
steady,  the  inductive  effects  vanish. 

However,  it  should  be  remembered  that  electricity  may  be 
thought  of  as  a  weightless  fluid  (Art.  90) — Whence  it  can  not  have 
inertia.  These  so-called  inertia  effects  are  due  to  properties  of 
the  circuit  through  which  the  electricity  flows.  Electricity  then 
does  not  have  inductance.  It  is  the  conductors  which  have  the 
inductance  and  as  the  conductors  are  rearranged  and  bent  into 
different  forms  their  inductances  will  be  changed. 

487.  The  Induced  E.m.f .  Is  Greater  When  a  Circuit  Is  Opened 
Than  When  It  Is  Closed. — When  a  circuit  is  opened  the  rate  of 
change — decrease — of  current  is  very  high.  When  a  circuit  is 
closed  the  rate  of  change — ^increase — of  current  is  not,  usually, 
nearly  so  high.  The  facts  just  recited  in  connection  with  the 
explanation  of  Art.  438  offer  an  adequate  explanation. 

488.  The  Greater  the  Self -inductance  of  a  Circuit  the  Larger 
the  Time  Taken  for  the  Current  In  It  to  Attain  Its  Steady  Value. 
— This  is  obviously  true,  because  the  greater  the  inductance,  the 
greater  will  be  the  coimter  e.m.f.  of  self-inductance. 

Examples. — Fig.  248  shows  graphically  the  rates  of  increase  of  currents 
in  circuits  of  different  inductances.  In  each  of  the  three  cases  illustrated, 
the  impressed  e.m.f.  is  10  volts  and  the  resistance  of  the  circuit  is  1  ohm. 
Note  that,  in  the  circuit  of  1  henry  inductance  the  current  attains  its  steady 
value  in  about  8  sec.;  with  10  henry,  in  about  70  sec.  With  20  henry  in- 
ductance, it  requires  something  more  than  180  sec.,  or  over  3  min.  If  the 
circuit  had  an  inductance  of  only  0.1  henry,  the  current  would  be  steady 
in  a  trifle  over  1  sec. 

489.  How  Permeance  Afifects  Inductance. — The  number  of 
lines  of  force  that  a  current  of  1  amp.  in  a  conductor  will  develop 
in  the  magnetic  circuit  associated  with  the  conductor  will  be 
directly  proportional  to  the  permeance  (Art.  238)  of  the  magnetic 
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circuit  as  described  in  Art.  240.  That  is,  the  number  of  cutting 
lines  per  ampere  (Art.  474)  will,  in  general,  be  directly  propor- 
tional to  the  permeability.  The  greater  the  permeability  of  the 
magnetic  circuit,  the  greater  the  number  of  cutting  lines  per  am- 
pere and  vice  versa.  Now  inductance  is  proportional  to  the  num- 
ber of  cutting  lines  per  ampere  (Art.  474).  It  follows  that  the 
inductance  of  a  conductor  will  be  proportional  to  the  permeance 
of  the  magnetic  circuit  associated  with  that  conductor. 

The  permeance  of  air  and  of  all  non-magnetic  materials  is  the 
same  and  it  never  varies  (Art.  242).  It  follows  that  the  cutting 
lines  per  ampere,  and  therefore  the  inductance,  of  any  given  con- 
ductor associated  in  a  given  way  with  non-magnetic  materials 


10  20  30  40  50 

Time  in  Seconds  aHtr  Switch  15  Closed 
Fio.  248. — Showing  how  different  amounta  of  inductance  in  a  circuit  affect  the 
time  required  for  the  current  to  rise  to  its  steady  value. 

wiU  always  be  the  same.  But  the  permeance — or  permeability — 
of  iron  may  vary  with  the  flux  density.  Below  the  saturation 
point  (Art.  248)  the  permeability  is  practically  constant  but  above 
saturation  the  permeability  decreases  as  the  flux  density  increases. 
Hence  the  cutting  lines  per  ampere  developed  by  any  given  con- 
ductor which  is  associated  in  a  given  way  with  iron  will  vary  if  the 
iron  is  worked  above  the  saturation  point.  In  refined  computa- 
tions of  the  inductances  of  circuits  associated  with  iron  it  is 
necessary  to  recognize  this  variation  of  permeability  with  flux 
density.  Also,  in  such  cases,  the  flux  density  must  be  known 
before  the  permeability  can  be  ascertained.  However,  in  com- 
mercial apparatus  iron  is  nearly  always  worked  below  the  satura- 
tion point.  Hence,  in  general,  the  inductance  of  any  given  piece 
21 
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of  apparatus  may  be  and  usually  is  considered  constant  whether 
or  not  iron  is  associated  with  it. 

490.  Computation  of  the  Counter  E.m.f.  of  Self-induction. — 
If  the  self-inductance  of  a  circuit  in  henrys  be  multiplied  by  the 
rate  of  change  of  current  in  the  circuit,  the  result  will  be  the  coun- 
ter e.m.f.  induced  by  this  change  of  current.  This  follows  from 
the  definition  of  the  henry  in  Art.  472  and  explained  in  Art.  473. 
Obviously,  the  more  rapidly  the  current  intensity  changes,  the 
faster  the  flux  will  cut  the  conductor  and  the  greater  will  be  the 
e.m.f.  induced  in  it  (Art.  438). 

Note. — Rate  of  change  of  current  can  be  expressed  by  awp.  -r-  sec. 
Thus,  if  a  current  changes  from  0  amp.  to  4  amp.  in  2  sec.,  the  rate  of  change 
is:  4  -s-  2  »  2  amp,  per  sec.  If  a  current  changes  from  20  amp.  to  8  amp. 
in  4  sec,  the  rate  of  change  is:  (20  —  8)  -s-  4  =  12  -8-  4  =  3  amp,  per  sec. 

Expressed  as  a  formula  the  above-stated  rule  becomes: 

(107)  Ej^LX-!  (volts) 
and 

(108)  L  =  ^^^  (henry) 

lo 

(109)  U  =-^'  (amp.) 

(110)  t  =  ^^  (sec) 

Wherein  Ei  =  the  induced  average  e.m.f.  in  volts.  le  =  change 
in  current,  in  amperes,  during  the  time  t,  in  seconds.  L  =  in- 
ductance of  the  circuit,  in  henrys. 

Example. — If  a  coil  of  wire  wound  on  an  iron  core  has  a  self-inductance 

of  10.4  henrys,  what  average  voltage  would  be  induced  in  the  coil  by  a 

change  from  32  amp.  to  6  amp.  in  4  sec?    Solution. — Substitute  in  the 

formula  (107): 

V        T  NX  ^^       in..  ^32-6       10.4X26       __.      - 
Ei  ^  L  X-^   ^^  10.4  X  — ^  -    =        -^ =  67.6  voUs. 

Example. — If  the  average  counter  e.m.f.  of  self-induction  of  a  coil  is 
20  volts  when  the  current  in  it  changes  from  24  to  32  amp.  in  0.5  sec.,  what 
is  the  inductance  of  the  coil?    Solution. — Substitute  in  formula  (108): 

-       tXEi       0.5  X  20       10       ,  ^^  , 

^  =  ~ir  "^  32--r24  =  "8    =  ^-2^  ^'""'^ 

491.  Significance  of  the  Formulas  for  Computing  Inductance.— 

As  outlined  in  Art.  473,  the  inductance  of  a  circuit  or  conductor 
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in  henrys  is  equal  to:  the  number  of  cutting  lines  developed  by  it 
per  ampere  in  it  -5-  100,000,000.  It  follows,  then,  that  any  for- 
mula for  the  computation  of  inductance  is  merely  an  expression 
for  the  cutting  flux  developed  per  ampere  divided  by  100,000,000. 
Examples  of  formulas  for  inductance  derived  in  this  way  are  given 
in  other  articles. 

492.  Self -inductance  of  Any  Coil. — The  flux  developed  by  a 
coil  cuts  practically  every  turn  of  the  coil  in  expanding  out  of  or 
contracting  into  the  conductor  from  which  it  emanates  when  a 
current  through  the  coil  starts  or  ceases.  It  follows,  therefore, 
from  this  and  preceding  information  that  for  any  coil  the  follow- 
ing formula  is  (not  exactly  but  nearly  so)  true: 

Wherein  L  =  inductance  of  the  coil,  in  henrys.  N  =  number  of 
turns  in  the  coil.  <t>a  =  flux  or  number  of  lines  of  force  developed 
through  the  coil  by  a  current  of  1  amp.  in  it. 

Example. — If  a  current  of  1  amp.  produces  in  a  certain  iron-core  field 
coil  which  has  480  turns,  a  flux  of  263,000  lines,  what  is  the  inductance  of  the 
coil?  Solution.— Substitute  in  equation  (111):  L^OaXN  +  100,000,000 
=  263,000  X  480  -5-  100,000,000  =  126,240,000  -^  100,000,000  -  1.3 
henrys. 

493.  Computation  of  Self-inductance  of  a  Coil. — The  flux  of 
lines  of  force  developed  by  any  coil  is  from  formula  (74),  Art. 
254:  iXNXiJiaXA-i-l.  That  is,  the  flux  per  ampere,  <t>a  = 
N  X  lia  X  A  -T-  I.  Substituting  this  expression  for  <t>a,  for  0a 
in  (111)  in  the  preceding  Art.  492  another  formula  for  the  induct- 
ance of  a  coil  is  obtained  thus: 

Wherein  L  =  the  inductance  of  the  coil  in  henrys.  Mo  =  the 
absolute  permeability  of  the  material  of  the  magnetic  circuit 
in  perms  per  in.  cube.  {  =  the  length  of:  (1)  the  coil  if  the 
coil  has  an  air  core  and  is  not  associated  with  iron;  (2)  the  core  or 
magnetic  circuit  if  it  is  of  iron.  A  =  cross-sectional  area  of 
the  inside  of  the  coil  or  of  the  core  in  square  inches.  N  =  the 
number  of  turns  in  the  coil. 

NoTB. — The  above  formula  gives  results  quite  accurate  for  any  straight 
cylindrical  coil  of  one  layer  which  is  long  in  proportion  to  its  diameter  but 
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it  may  be  used  in  practical  work  without  excessive  error  for  calculating 
the  inductance  of  almost  any  coil.  Short  coils  have  greater  inductances, 
proportionately,  than  long  coils. 

Example. — What  is  the  inductance  of  a  coil  of  400  turns  wound  on  an 
iron  core  which  is  24  in.  long  and  which  has  a  sectional  area  of  46.5  sq.  in.? 
Assume  /Aa  =  4,800.    Solution. — Substitute  in  formula  (112): 


L  = 


N^XnaXA         400  X  400  X  4,800  X  46.5 


100.000,000  X  I 


100,000,000  X  24, 


=  14.9  henry. 


494.  Computation  of  the  Self-inductance  of  a  Coil  with  an 
Air  Core. — From  Art.  242,  the  absolute  permeability  of  air, 
that  is  Ma,  is  always  =  3.192  perms  per  in.  cube.  Then  substi- 
tuting this  value  in  formula  (112),  the  inductance  of  an  air  core 
coil  is: 


(113) 


^  N^  X  3.192  X  A 
100,000,000  X  I 


(henry) 


No.  iO  American 
Wire  Oa^  ^ir^\ 


Wherein  the  letters  have  the 
same  meanings  as  with  formula 
(112).  The  results  given  by 
this  equation  are  accurate  to 
about  the  same  extent  as  those 
of  (112)  as  indicated  by  the 
note  thereunder. 


Example. — What  is  the  inductance 
of  an  air-core  coil  having  an  internal 
diameter  of  I  in.  (area  =  0.79  sq.  in.) 
100  turns  and  a  length  of  20  in.? 
Solution. — Substitute  in  the  formula  (113): 

AT*  X  3.192  X  A       100  X  100  X  3.19  X  0.79       ^ ,,-__,,    . 

Ki^^c^fr<rhcx 0.000013  Unry^. 


Fio.  249. — Transmission-line  self-in- 
ductance problem. 


^  "  100,000,000  X  I 


Or,  0.000013  henry 


100,000,000  X  20 
0.013  millihenry. 


495.  Self -inductance  of  a  Straight  Conductor. — Straight  con- 
ductors have  relatively  little  self-inductance — practically  none 
unless  they  are  quite  long.  That  they  must  have  some  induct- 
ance is  evident  from  the  information  of  Art.  465.  If  a  straight 
conductor  or  wire  is  bent  into  a  loop  with  a  considerable  distance 
between  the  sides  of  the  loop  or  if  the  conductor  is  wound  into  a 
helix  its  inductance  is  greatly  increased  (Art.  466).  The  self- 
inductance  of  straight  conductors  can  be  computed  by  using 
certain  formulas  which  are  too  complicated  for  inclusion  hero. 


Examples. — See  Table  480  and  Art.  496  for  specific  numerical  examples. 
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496.  How  to  Compute  the  Self-inductance  of  a  Two-wire 
Transmission  Line. — The  following  approximate  formula  can 
be  used  where  the  wires  are  of  any  non-magnetic  material: 

(113a)  L  =  0.741  X  log  (2.568  ^)  (milUhenry) 

Wherein  L  =  inductance,  in  milUhenrys,  of  1  mile  of  single  con- 
ductor or  }4  iiiile  of  two-wire  circuit.  D  =  distance  between 
the  centers  of  the  two  conductors,  in  inches,  d  =  diameter  of 
each  of  the  conductors,  in  inches. 

Note  that  the  further  apart  the  conductors,  the  greater  is 
the  self-inductance;  the  reasons  for  this  are  explained  in  Art. 
497.  Note  also  that  the  greater  the  diameter  of  the  conductor, 
the  smaller  the  self-inductance. 

Example. — What  is  the  self -inductance  of  1  mile  of  a  two- wire  trans- 
mission line  (Fig.  249)  of  No.  10  American  Wire  Gage  (B.  &  S.)  copper — or 
any  non-magnetic — ^wire,  the  two  sides  of  the  circuit  being  spaced  30  in. 
between  centers?  Solution. — The  diameter  of  a  No.  10  wire  is  almost 
exactly  0.10  in.    Use  the  above  formula: 

L  =  0.741  X  log  ^2.568  ^)   =  0.741  X  log  (2.668  ^^^ 

-  0.741  X  log  (2.568  X  300 )  =  0.741  X  log  (774.0) 

Now  ascertain  the  log  flogarithm)  of  770.4  from  any  table  of  common  or 
Briggs  logarithms,  which  may  be  found  in  an  engineer's  handbook.  The 
log  of  774.  =  2.887.     Now  use  this  value  in  the  above  equation  thus: 

L  =  0.741  X  2.887  =  2.13  miUihenrys. 

This  is  the  inductance  of  1  mile  of  one  wire  of  the  circuit.  For  both 
wires  (1  mile  of  circuit,  2  miles  of  wire)  the  inductance  will  be:  2  X  2.13  = 
4.26  miUihenrya, 

497.  Why  Self-inductance  is  Decreased  as  the  Legs  of  a 
Circuit  Are  Brought  Close  Together. — Fig.  250,/  shows  a  por- 
tion of  a  circuit  in  which  current  is  flowing.  The  conductor  is 
bent  into  a  loop.  As  the  current  changes  in  the  circuit,  the  cir- 
cular lines  of  force  about  A  will  expand  or  contract  and  all  of 
them  will  cut  leg  A,  tending  to  induce  in  it  an  e.m.f.  However, 
only  the  lines  of  the  flux  indicated  by  C  are  effective  in  inducing 
an  e.m.f .  in  the  conductor.  The  reason  is  that  the  lines  denoted 
by  D  cut  both  legs,  A  and  B,  as  they  expand  out  of  or  contract 
into  A.     The  direction  of  the  e.m.f.  induced  by  these  ineffective 


32G 


PRACTICAL  ELECTRICITY 


[Akt.  498 


{D)  lines  is  the  same  (from  front  to  back  for  example)  in  A  as  in 
B  (hand  rule,  Art.  427). 

Hence,  the  e.m.fs.  in  A  and  in  B  due  to  these  D  lines  annul 
one  another.  The  effective  "C*'  Unes  cut  only  leg  A  and  thereby 
induce  therein  an  effective  e.m.f.  as  the  current  changes  and 
thus  produce  self-induction.  Leg  B,  although  the  illustration 
does  not  show  it,  produces  a  flux  of  circular  lines  Uke  that  around 
A  J  except  that  it  is  in  the  opposite  direction.  It  follows,  then, 
that  the  effective  lines  of  both  A  and  B  contribute  toward  the 
self-induction  of  the  looped  conductor. 

Note. — If  the  legs  of  the  conductor  are  quite  close  together  as  at  //,  the 
distance  H  between  them  is  small  and  the  number  of  effective  lines  is  corre- 
spondingly small.  When  the  legs  are  close  together  (almost  touch)  only 
the  lines  or  flux  that  lie  inside  of  the  conductors  and  between  the  legs  is 
effective  in  producing  self-induction.     If  the  legs  of  the  looped  conductors 


j^ 


V 


Legs  Together.       ^^ff* 


I.-  Legs  Separated 

Fio.  250. — Showing  why  self-inductance  is  decreased  when  legs  of  a  circuit  are 
brought  close  together. 


are  very  close  together,  the  effective  flux  is  so  small  that,  for  all  practical 
purposes,  there  is  no  self-induction.  When  a  conductor  is  bent  into  a  coil, 
as  at  7/7,  the  current  in  each  loop  of  the  conductor  flows  in  the  same  direc- 
tion (instead  of  in  opposite  directions  as  in  7  and  77)  and  then  practically 
all  of  the  flux  produced  by  each  loop  or  turn  is  effective  and  cuts  every  other 
turn  as  described  in  Art.  466.     Thus,  the  self-induction  of  a  coil  is  large. 

498.  The  Inductance  of  Stranded  Wires  is,  for  all  practical 
purposes,  the  same  as  that  of  solid  wires  of  the  same  circular- 
mils  area. 

499.  A  Choke  Coil  (Fig.  251)  is  merely  a  coil  having  considera- 
ble self-inductance.  Choke  coils  are  sometimes,  particularly 
when  used  in  alternating-current  circuits  for  limiting  current, 
called  reactance  coils  (Art.  747).     A  choke  coil  should  always 
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be  used  in  combination  with  a  lightning  arrester  as  shown  in  the 
illustrations,  to  tend  to  prevent  the  lightning-discharge  currents 
from  entering  the  apparatus  which  the  coil  is  installed  to  protect. 
Choke  coils  usually  have  "air  cores"  so  that  the  flux  produced  by 
a  current  in  them  will  build  up  very  rapidly  and  thus  produce  a 
high  counter  e.m.f. 

Example. — In  the  diagram  of  Fig.  251,  //,  a  choke  coil  and  a  lightning 
arrester*  for  the  protection  of  fche  generator  are  shown.  For  simplicity, 
only  one  wire  is  shown  entering  the  station.  There  should,  in  general,  be  a 
lightning  arrester  and  a  choke  coil  on  every  aerial  line  entering  a  station. 
If  no  lightning  arrester  is  provided  and  the  line  wire  is  struck  by  lightning, 


Woocfen  Clamps-. 


Conducting  Turns      Line 


.Choke  Coif 


IronBoae 


"^enefolttr 


"V?  OrouM/  Connection 
n-  In  Circuit 


I- Choke  Coil 
Fio.  251. — ^Illustrating  the  choke  coil  and  its  application. 


the  extremely  high-voltage  lightning-discharge  current,  in  its  endeavor  to 
reach  ground,  may  pass  into  a  generator  or  other  apparatus  and  through  it 
to  its  metal  frame  which  is  usually  grounded.  Thus  a  winding  may  be 
punctured  or  possibly  "burnt  out"  and  ruined. 

If  protection  be  installed  as  shown,  a  sudden  rush  of  current  into  the  choke 
coil  will  induce  in  the  coil  an  immense  counter  e.m.f.  This  will  tend  to 
''choke"  or  force  the  lightning-discharge  current  through  the  lightning- 
arrester  air  gap — ^instead  of  through  the  generator — ^to  ground.  Thus  the 
coil  tends  to  protect  the  station  apparatus  with  which  it  is  associated.  For 
the  high-frequency  oscillatory  current  of  a  lightning  discharge,  the  path 
through  the  lightning  arrester  to  ground  offers  much  less  opposition  than 
that  through  the  choke  coil. 

*See  the  author's  Ckntbal  Stations  for  more  information  relating  to  lightning  arresters 
and  lightning  protection. 


SECTION  26 
MUTUAL  INDUCTANCE 

600.  Mutual  Inductance  (Art.  471)  is  the  ability  of  one  circuit 
to  produce  an  e.m.f.  in  a  nearby  circuit  by  induction  when  the 
current  in  the  iSrst  circuit  changes.  However,  the  second  cir- 
cuit can  also  induce  an  e.m.f.  in  the  first  when  the  current  in 
the  second  circuit  changes.  The  process  by  which  the  e.m.f. 
is  induced  is  outlined  in  Art.  457.  The  induced  e.m.f.  is  always 
in  such  a  direction  as  to  oppose  the  change  of  current  inducing 
it  (Lenz's  law,  Art.  435).  Mutual  inductance  is  measured  in 
henrys.  Art.  472. 

Example. — As  the  current  in  the  primary  coil  of  Pig.  228  changes,  the 
e.m.f .  induced  in  the  secondary  coil  is  due  to  the  mutual  inductance  of  the 
two  coils.  Also,  ff  the  current  were  varied  in  the  heavy-wire  (secondary) 
coil,  an  e.m.f.  would  be  induced  in  the  fine-wire  (primary)  coil,  by  virtue 
of  the  mutual  inductance  of  the  coils. 

Note. — ^^Coefficievl  of  mviual  inductance^'  is  a  term,  now  little  used, 
having  about  the  same  significance  as  '^  mutual  inductance.'' 

601.  Mutual-inductance  Calculations  are  quite  complicated 
except  in  a  few  relatively  simple  cases,  one  of  which  is  given 
below.  In  determining  mutual  inductance  it  is  first  necessary 
to  ascertain  the  number  of  lines  of  force  of  one  circuit  which  will 
cut  the  other  circuit  when  a  current  of  1  amp.  flows  in  the  first 
circuit.  Then  this  number,  representing  the  cutting  flux,  is 
divided  by  100,000,000  to  get  the  result  into  henrys  (Art.  473). 

502.  Computation  for  the  Mutual  Inductance  of  Two  Con- 
centric Coils. — Where  the  two  coils  are  concentric  and  lie  close 
together  their  mutual  inductance  can  be  readily  figured.  It  is 
assumed  that  the  flux  evolved  by  each  turn  of  one  coil  cuts  every 
turn  of  the  other  coil.  The  similarity  between  the  following 
formula  and  that  for  calculating  the  self-inductance  of  a  coil 
(Art.  493)  is  apparent.  The  derivation  of  this  formula  is  prac- 
tically the  same  as  that  of  the  one  for  computing  self-inductance. 

(^^^^  ^-  -    100.000,000  X I  (^"^^) 
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Wherein  Ni  =  number  of  turns  in  one  of  the  concentric  coils. 
Nz  =  number  of  turns  in  the  other  concentric  coil.  The  other 
symbols  have  the  same  meanings  as  given  under  Art.  493. 
Where  the  coils  have  an  air  core,  the  mutual  induction  (Art. 
494)  then  is: 

,,_.  r         N1XN2X  3.192  X  A  ,.         , 

(115)  L„  =     "100,000,000X1  ^^^"""^^ 

The  above  formulas,  like  practically  all  of  the  simple  ones  for 
calculating  inductance,  give  approximate  results,  which  however 
are  usually  suflSciently  accurate  for  most  practical  purposes. 

Example. — What  is  the  approximate  mutual  inductance  of  the  two 
concentric  coils  wound  on  the  wood  (non-magnetic  or  air)  core,  1.6  in.  in 
diameter  (area  =  2.01  sq.  in)  shown  in  Fig.  252,  7?    The  coils  are  each  25 


-^^^^S    ^;.    F,n.mr^:,,     ^ 5>^'^'0^, 
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H-Concen+ric  Coils 
Wi+h  Iron  Core 
Fig.  252. — Iliustrating  examples  in  computing  mutual  inductance  of  concentric 

coils. 


I-Conccn-fric  Coils  wi+h  Wood  Core 


in.  long.    One  has  400  turns,  the  other  200  turns.    Solution. — Substitute 
in  formula  (115): 

NiXNiX  3.192  X  A  _  400  X  200  X  3.19  X  2.01   _ 

100,000,000  XI         "         100,000,000  X  25  "  """"'^  '^^^' 

Or,  0.0002  henry  =  0.2  milUhenry, 

Example. — What  will  be  the  approximate  mutual  induction  of  two  con- 
centric coils,  each  of  the  same  number  of  turns  as  specified  in  the  above 
example,  if  they  are  wound  on  an  iron  core  1.6  in.  in  diameter  and  25  in. 
long  (Pig.  252)?     Assume  fta  =  5,100.    Solution. — Use  formula  (114): 


L„  - 


NiXNiXnaXA       400  X  200  X  5100  X  2.01 


100,000,000  X  I 


100,000,000  X  25 


^-     =  0.32  henry. 


Or,  instead,  0.32  henry  =  320  millihenry.  It  is  obvious  that  the  inductance 
in  this  example  is  as  many  times  greater  than  that  in  the  preceding  example 
as  the  permeability  of  this  iron  is  greater  than  the  permeability  of  air 
That  is:  L„  :  0.0002  ::  5100  :  3.19.    Then,  L„  =  0..32. 


SECTION  27 
ENERGY  STORED  IN  MAGNETIC  FIELD 

603.  Kinetic  Energy  Is   Stored   in  Any  Magnetic  Field.— 

Energy — foot-pounds — ^is  (Art.  169)  capacity  for  doing  work. 
The  power  (Art.  159)  expended  by  a  current  in  a  circuit  is  the  same 
whether  the  circuit  has  or  has  not  inductance.  But  the  energy 
spent  in  starting  a  current  in  a  circuit  is  greater  in  an  inductive 
circuit  than  in  a  non-inductive  circuit  as  will  be  shown.  The 
excess  of  energy  is  stored  in  the  magnetic  field  and  is  all  returned 
to  the  circuit  when  the  current  decreases  to  zero: 

Example. — Consider  the  inductive  circuit,  which  has  a  resistance  of  3 
ohms  and  an  inductance  of  0.04  henry,  for  which  certain  values  of  increas- 
ing currents  are  tabulated  in  482.  At  the  instant  when  the  current  is  18 
amp,  the  power  loss  is:  />  X  fi  «  18  X  18  X  3  =  1,072  watta.  But  the 
total  power  taken  by  the  circuit  at  this  instant  is:i7X/"110X18« 
1,980  waUs,  Obviously,  there  is  a  difference  of:  1,980  -  1.072  =  908 
waits  between  the  instantaneous  power  taken  by  the  circuit  and  that 
actually  lost  or  used.  This  difference,  908  watts,  represents  the  instan- 
taneous power  stored  in  the  magnetic  circuit. 

If  this  value — 908 — in  watts  be  multiplied  by  the  very  small  time  in  seconds 
during  which  the  power  is  being  stored,  the  result  will  be  the  energy  (Art. 
169),  in  Joules  or  wattnseconds,  stored  during  this  short  interval.  By  apply- 
ing the  higher  mathematics,  it  is  possible  to  sum  up  the  energy  stored  dur- 
ing all  of  the  successive  instants  while  the  current  is  increasing  and  thereby 
ascertain  the  total  amount  of  energy  thus  stored  in  the  magnetic  field. 

When  the  current  becomes  steady,  the  field  becomes  steady  and  no  addi- 
tional energy  is  imparted  to  it.  Furthermore,  no  additional  energy  is 
required  to  maintain  it.  Energy  is  not  required  for  the  maintenance  of 
any  magnetic  field — except  that  lost  in  the  conductors  whereby  the  field 
is  excited.  A  permanent  magnet  (Arts.  41  and  80)  furnishes  a  striking  ex- 
ample of  this  fact.  If  the  voltage  of  110  is  discontinued  from  the  circuit 
described  above,  the  current  decreases  to  zero  and  then  (practically)  all 
of  the  energy  stored  in  the  magnetic  field,  as  described,  is  returned  to  the 
circuit.    The  process  is  the  reverse  of  that  outlined  in  the  foregoing  example.  * 

*For  further  information  relating  to  this  situation  see  Karapstoff's  Thk  Maonbtic  Cir- 
cuit, p.  177. 
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SECTION  28 
EDDY  CURRENTS 

604.  Eddy  or  Foucault  Currents  are  those  currents  which  are 
induced  in  masses  of  metal  whenever  the  metal  is  moved  in  a 
magnetic  field,  or  when  a  field  or  flux  moves  through  the  metal. 
These  currents  are  always  in  such  a  direction  as  to  oppose  the 
motion  producing  them  (Lenz's  law,  Art.  435).  Eddy  currents 
are  usually  of  relatively  small  intensity  but  may  be  enormous. 
They  always  involve  an  /*  X  fi  loss  (Art.  167)  which  in  the  aggre- 
gate may  be  considerable. 

Example. — If  a  permanent  magnet  be  rotated  cloee  to  and  above  a  metal 
plate,  as  in  Fig.  252^1,  /,  eddy  currents  will  be  induced  in  the  plate.  Some 
of  the  flux  of  the  magnet  cuts  the  metal  of  the  plate  and  thereby  induces 
an  e.m.f.  which  impels  these  currents  around  in  the  plate.  Considerably 
more  force  will  be  required  to  rotate  the  magnet  than  if  the  plate  were  not 
near  it,  because  the  induced  eddy  currents  tend  to  retard  the  rotation  of  the 
magnet. 

Now,  if  the  magnet  be  held  stationary  and  the  plate  revolved,  eddy  cur- 
rents will  also  be  iajLiced  in  the  plate.  If  the  magnet  is  not  restrained,  it 
will  tend  to  rotate,  following  the  plate.  The  direction  of  the  eddy  currents, 
the  plate  rotating  to  the  left,  is  shown  in  the  illustration.  One  portion  of 
the  current  follows  its  own  approximately  semicircular  path  in  the  plate  at 
one  side  of  the  magnet.  The  other,  similar,  path  is  at  the  other  side  of  the 
magnet.  These  two  currents  produce  two  magnetic  poles  as  shown.  The 
polarities  of  these  are  such  that  they  repel  the  nearest  (in  the  direction  of 
rotation)  pole  of  the  permanent  magnet.  Thus,  rotation  is  opposed  and 
the  requirement  of  Lenz's  law  satisfied. 

If  the  magnet  is  not  restrained,  it  will  try  to  assume  such  a  position  that, 
as  the  plate  rotates,  its  N  pole  will  lie  directly  over  the  S  pole  of  the  plate 
and  its  S  pole  over  the  plate's  N  pole.  It  can  never  attain  this  position, 
however,  because  if  the  magnet  moves,  the  positions  of  the  poles  of  the  plate 
will  shift  also.  Each  of  the  halves  of  the  plate  will  always  be  oppositely 
polarized,  the  magnet,  as  it  were,  dividing  the  plate  into  halves.  If  the 
magnet  is  prevented  from  turning,  and  the  plate  is  rotated  and  a  light  metal 
wiper  or  brush  is  arranged  to  bear  on  the  plate  under  each  magnet  pole,  cur- 
rent will  be  forced  through  an  external  circuit  connected  to  the  brushes,  as 
will  be  indicated  by  a  low-reading  ammeter  connected  in  the  circuit. 

Examples. — (1)  If  a  slab  of  copper  be  abruptly  pushed  into  the  field 
between  the  poles  of  a  strong  electromagnet,  the  copper  acts  as  if  it  were 
being  moved  in  a  heavy  fluid.    The  eddy  currents  induced  in  it  tend  to  pre- 
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vent  its  movement.  (2)  If  a  copper  penny  be  suspended  on  a  twisted  thread 
between  the  poles  of  a  powerful  magnet  (Fig.  252A,  //),  or  in  any  strong 
electromagnetic  field,  the  penny  will  spin  as  the  thread  untwists  if  the  mag- 
net is  not  energized.  But  when  it  is  energized  motion  will  cease.  (3)  The 
eddy  currents  circulating  in  the  metal  bobbins  of  the  moving  elements 
of  permanent-magnet-type  direct-current  measuring  instruments  and  of 
D'Arsonval  galvanometers  tend  to  stop  their  motion.  The  bobbins  are  sus- 
pended in  strong  magnetic  fields  and  when  they  move  eddy  currents  develop. 
It  is  because  of  this  that  these  instruments  are  "dead-beat." 


U^Penn^  Befween  Magnet  Pofes 


m-Eddy  Currents  in  Plate 

Fio.  252A. — Illustrating  eddy-current  eflFects. 

fhcAMPLE. — The  needle  of  a  compass  will  come  to  rest  much  more  quickly 
if  it  be  mounted  in  a  metal  case  than  if  it  is  in  a  non-conducting  case — ^be- 
cause of  eddy  currents. 

Example. — An  important  example  is  that  illustrated  in  Fig.  252A,  7, 
where  is  diagrammed  the  application  of  damping  magnets  to  a  watt-hour- 
meter  movement.  These  damping  magnets,  because  of  the  eddy  currents 
due  to  them,  perform  two  important  functions:  (1)  They  prevent  an  ex- 
cessively rapid  rotation  of  the  moving  element  of  the  meter.  (2)  They  insure 
that  the  rotational  speed  of  the  disc  will  always  be  proportional  to  the  load 
which  is  being  metered.  The  metal  disc — usually  of  aluminum  so  that  the 
weight  of  the  rotating  element  will  be  a  minimum — is  mounted  on  a  vertical 
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steel  shaft  between  the  poles  of  strong  permanent  magnets.  As  the  disc  is 
forced  to  rotate  by  the  small  electric-motor  movement  (not  shown)  which 
always  forms  a  part  of  a  watt-hour  meter,  eddy  currents  are  induced  in  the 
disc.  These,  in  accordance  with  Lenz's  law,  tend  to  retard  the  rotation  of 
the  disc.  The  "meter  motor"  is  actuated  by  the  voltage  impressed  on  and 
by  the  current  taken  by  the  load  being  metered. 

If  a  watt-hour  meter  is  to  register  correctly,  its  moving  element  must, 
at  any  instant,  rotate  at  a  speed  exactly  proportional  to  the  power  load 
being  metered  at  that  instant.     This  is  a  statement  of  fact. 

Now  every  meter  motor  is  so  designed  that  the  torque  which  it  develops 
at  any  instant  is  proportional  to  the  (power)  load  being  metered  at  that 
instant.  If  the  power  load  is  doubled,  the  meter-motor  torque  is  doubled. 
If  the  Ipad  is  halved  the  motor  torque  is  halved.  It  is  this  motor  torque 
that  forces  the  meter  moving  element  to  rotate.  If  the  damping  magnets 
were  not  provided,  a  meter  motor  would — even  when  metering  a  very  light 
load — rotate  at  an  exceedingly  high  speed,  because  then  the  only  counter 
torque  opposing  the  rotation  of  the  motor  would  be  that  due  to  the  friction 
and  windage  of  the  rotating  element  and  meter  movement.  In  practice 
this  friction  and  windage  is  very  small,  particularly  at  low  speeds.  The 
hjgh  speeds  which  would  thus  result  would  be  undesirable  mechanically. 
Furthermore,  it  can  be  shown  that  these  high  speeds  would  not,  necessarily, 
be  directly  proportional  to  the  power  loads  being  metered. 

It  is,  as  will  be  shown,  imperative,  if  the  speed  of  the  meter  motor  is  to 
be  exactly  proportional  to  the  load  being  metered,  that  the  total  counter 
torque  must  vary  exactly  as  the  speed  of  rotation  varies.  As  the  speed  in- 
creases, the  counter  torque  must  increase  directly  in  proportion.  As  the 
speed  decreases,  the  counter  torque  must  decrease  correspondingly.  The 
counter  torque  produced  by  the  disc  rotating  in  the  damping  magnet's  field 
satisfies  these  requirements. 

The  flux  of  the  permanent  magnets  (Fig.  252 A)  is,  obviously,  constant. 
Hence,  the  intensity  of  the  eddy  currents  induced,  is  proportional  to  the 
speed  of  rotation  of  the  disc.  Thus  the  damping  or  counter-torque  effect 
of  the  arrangement  varies  directly  as  the  speed  of  rotation. 

How  this  phenomenon  insures  a  rotational  speed  exactly  proportional  to 
the  power  load  being  metered  can  be  best  illustrated  by  an  example :  Assume 
that,  with  some  certain  load,  an  imaginary  meter  motor  develops  a  torque 
of  1  oz.  at  1  in.  radius.  Then  the  counter  torque  due  to  the  damping  mag- 
nets would  necessarily  also  be  1  oz.  at  4  in.  radius.  (The  negligible  friction- 
and-windage  counter  torque  is  here  disregarded.)  This  is  evident  because 
any  magnet-damped  meter  motor  will  always  rotate  at  a  speed  such  that 
the  eddy-current  counter  torque  is  equal  to  the  motor  torque.  Now  assume 
that  the  power  load  being  metered  is  doubled.  Then  the  meter  motor 
would,  as  above  suggested,  develop  a  torque  twice  as  great  as  before  or  a 
torque  of  2  oz.  at  1  in.  radius.  Since  its  torque  has  now  been  increased, 
the  motor  will  speed  up  until  it  acquires  a  speed  such  that  an  eddy-current 
counter  torque  is  developed  which  is  equal  to  the  new  motor  torque.  That 
is,  it  will  speed  up  until  its  rotational  speed  is  such  that  the  new  coimter 
torque  is  2  oz.  at  1  in.  radius. 

Now  the  counter  torque  due  to  the  disc  rotating  between  the  damping 
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magnets  is,  as  above  stated,  directly  proportional  to  the  speed  so  that  when 
the  disc  has  speeded  up  so  as  to  attain  a  speed  just  twice  as  great  as  its  origi- 
nal speed,  its  counter  torque  will  then  be  twice  as  great  as  before,  or  2  oz. 
at  1  in.  radius,  and  it  will  be  equal  to  the  now-existing  motor-torque.  Thus, 
it  is  apparent  that  the  speed  of  the  meter  motor  will  always^^ue  to  the 
damping-magnet  counter  torque — ^be  directly  proportional  to  the  load  being 
metered. 

Example. — The  so-called  medical  indiiction  coils  or  shocking  coils  have 
cylindrical  brass  tubes  which  can  be  moved  in  and  out  between  the  windings 
of  the  core.  When  the  tube  is  all  in  and  entirely  surrounding  the  core, 
the  secondary  e.m.f .,  that  is  the  "shock  power,''  of  the  coil  is  small.  The 
secondary  e.m.f .  increases  as  the  tube  is  withdrawn  and  is  a  maximum  when 
the  tube  is  entirely  withdrawn.  The  explanation  is  this:  When  the  tube 
is  "all  in"  the  eddy  currents  in  it  are  considerable.  Consequently  the  core 
magnetizes  and  demagnetizes  slowly  and  the  e.m.f .  induced  in  the  secondary 
is  low.     But  when  the  tube  is  all  out,  the  eddy-current  losses  are  practically 
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I  -  Eddy  Currents  in  Rotot  in^  Cylinder     H-Laminated  Armature 

Fio.  252B. — Showing  how  laminating  an  armature  tends  to  minimise  eddy 
currents  and  eddy  current  losses  in  it. 


eliminated,  the  core  magnetizes  and  demagnetizes  rapidly  and  the  secondary 
e.m.f.  is  high. 

606.  Methods  of  Minimizing  Eddy-current  Loss. — Since  an 
eddy  current  tends  to  flow  at  right  angles  to  the  direction  of  the 
flux,  the  resistance  of  its  path  and  the  intensity  of  its  e.m.f.  can 
be  decreased  by  laminating  (Fig.  252B,  II)  the  metals  in  which 
it  tends  to  flow.  The  laminations  should  be  parallel  to  the  direc- 
tion of  the  flux  and  at  right  angles  to  the  axis  of  rotation.  Since 
(formula,  116,  Art.  508)  the  eddy-current  loss  varies  as  the  square 
of  the  thickness  of  the  laminations,  it  is  possible  to  greatly  reduce 
the  loss  by  this  constriction. 

In  commercial  electrical  apparatus,  all  large  volumes  of  metal 
that  are  subject  to  considerable  eddy-ciurent  loss  are  laminated. 
That  is,  they  are  built  up  of  thin  sheets  of  metal  usually  from  0.01 


Sec.  28]  EDDY  CURRENTS  335 

to  0.03  in.  thick.  Thicker  sheets  may  be  used  where  the  ten- 
dency for  eddy-current  loss  is  not  large.  The  sheets  are  usually 
painted  to  provide  insulation  between  them,  but  in  some  cases 
the  oxide  on  the  metal  provides  sufficient  insulation. 

EhcAMPLES. — (1)  Fig.  252^,  //,  illiistrates  the  lamination  of  an  armature 
or  rotor.  (2)  The  cores  of  spark  and  induction  coils  (Arts.  468  and  463) 
are  built  up  of  lengths  of  iron  wire  to  minimize  eddy-current  loss.  An  elec- 
tromagnet composed  of  an  insulated  conductor  wound  on  a  solid  iron  core 
may  require  10  or  12  times  as  long  to  magnetize  as  a  magnet  of  exactly  the 
same  proportions  but  having  a  "laminated''  core  comprising  a  bundle  of 
iron  wires.  The  magnet  with  the  solid  core  will  also  demagnetize  much 
more  slowly  than  will  the  other.  (3)  fig.  291  shows  how  the  field  magnet 
core  of  a  certain  type  of  generator  is  laminated  to  minimize  eddy-current 
losses. 

606.  Eddy-current  Loss. — Whenever  there  is  a  current  in  a 
conductor  there  will  be  a  loss:  P  =  /*  X  fi  (Art.  167).  Hence 
when  eddy  currents  flow,  there  is  an  eddy-current  loss  which 
appears  as  useless  heat.  Even  when  these  losses  have  been 
minimized  in  so  far  as  is  practicable  by  laminating  (Art.  505) 
they  are  considerable  in  generators,  motors,  transformers  and 
similar  apparatus. 

607.  Eddy  Currents  in  Electrical  Machines. — When  the  rotor 
of  an  electrical  machine  revolves  in  its  field  there  is  a  tendency  to 
set  up  eddy  currents.  Fig.  252B,  J.  There  is  also  a  tendency 
toward  setting  up  of  eddy  currents  in  the  stationary  parts  as 
flux  sweeps  through,  or  changes  in  them.  Applying  the  hand  rule 
of  Art.  427,  it  will  be  found  that  the  eddy  currents  tend  to  flow  in 
the  cylinder  of  the  illustration  in  the  directions  indicated.  Eddy 
currents  flow  in  a  direction  at  right  angles  to  that  of  the  field. 
Eddy  currents  are  minimized  by  laminating  (Art.  505). 

608.  Method  of  Computing  Eddy-current  Loss. — The  eddy- 
current  loss  in  any  volume  of  metal  that  cuts,  or  is  cut  by,  a 
flux  must  obviously  depend,  among  other  things,  on  the  specific 
resistance  or  resistivity  (Art.  126a)  of  the  metal  and  the  frequency 
with  which  the  flux  cuts  the  metal — that  is  on  the  rate  of  cutting. 
Laminating  (Art.  505)  increases  the  resistance;  hence,  the  thinner 
the  laminations  the  less  the  eddy-cm-rent  loss.  A  formula — the 
derivation  of  which  can  not  be  given  here — ^for  computing  eddy- 
current  loss  is: 

(116)  Pe  =  0.254  X  i  X  y(X  X  /  X  By  (watts) 

Wherein   Pb  =  eddy-current   loss  in    watts,   j  =  a    coefficient 
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varying  with  the  quality  and  kind  of  metal  in  which  the  eddy 
currents  are  induced;  the  following  values  are  given  in  Pender's 
American  Electrical  Engineers'  Handbook:  for  silicon  sheet 
steel  j  varies  from  0.000043  to  0.000098  with  an  average  of 
0.000065 — ^for  ordinary  electrical  sheet  steel  j  varies  from 
0.00012  to  0.00025  with  an  average  of  0.00022.  V  =  the 
volume  of  the  metal  in  which  the  loss  occurs  in  cubic  inches. 
X  =  thickness  of  the  sheets  in  inches.  /  =  frequency  in  cycles 
per  second.  B  =  the  maximum  flux  density  in  kilolines  (thou- 
sands of  lines)  per  square  inch. 

Example. — What  eddy-current  power  loss  may  be  expected  in  a  mass  of 
ordinary  laminated  electrical  steel  having  a  volume  of  61  cu.  in.  if  the  iron  is 
acted  upon  by  a  flux  (maximum)  of  15,500  lines  per  sq.  in.  at  a  frequency  of 
60  cycles  per  sec?  The  laminations  are  0.016  in.  thick.  Solution. — Sub- 
stitute in  the  formula  (116):  Pb  =  0.254  X;  X  V(X  XfXBY^  0.254  X 
0.00022  X  61(0.016  X  60  X  15.5)'  =  0.0034  X  (14.9) »  =  0.0034  X  22.20  = 
0.075  waUa. 


SECTION  29 
PRINCIPLES  OF  ELECTRIC  GENERATORS 

609.  Electric  Generators  or  Dynamos  are  machines  whereby 
by  utilizing  the  principle  of  magnetic  induction  (Art.  416), 
mechanical  energy  may  be  converted  into  electrical  energy  (Art. 
179).  They  are  sometimes  referred  to  as  "electricity  genera- 
tors." This  term  is,  however,  incorrect.  Electricity  can  not 
be  generated.  A  generator  may  be  thought  of  as  a  device  by 
means  of  which  electricity  which  is  already  in  existence  (Art.  94) 
can  be  forced  to  move  and  thereby  transmit  energy  and  do  work 
— ^light  lamps,  operiate  motors  and  the  like.  A  dynamo  does  not 
generate  electricity  any  more  than  a  hydraulic  force  pump 
generates  water. 

510.  How  a  Generator  Can  Convert  Mechanical  Energy 
into  Electrical  Energy  is  outlined  in  Art.  94.  Briefly:  The 
mechanical  turning  of  the  rotating  portion  of  the  generator 
causes  conductors  associated  with  the  machine  to  cut  or  to  be 
cut  by  a  magnetic  flux.  This  flux  is  usually  produced  by  electro- 
magnets. The  cutting  of  the  flux  induces  an  e.m.f.  in  the  con- 
ductors. Now  if  this  e.m.f.  be  impressed  on  a  closed,  conducting 
circuit  it  will  force  through  the  circuit  an  electric  current — which 
is  a  transference  of  electrons.  As  outlined  in  Art.  181,  when- 
ever a  current  is  impelled  electrical  energy  is  generated. 

511.  The  Principle  of  the  Generator  has  already  been  briefly 
indicated  in  Art.  418.  If  the  bar  shown  in  Fig.  217  be  pushed 
through  the  magnetic  field  between  the  poles  of  the  magnet  an 
e.m.f.  will  be  induced  in  the  bar.  The  intensity  of  the  e.m.f. 
will  be  proportional  to  the  speed  with  which  the  bar  is  moved — 
that  is,  proportional  to  the  rate  of  cutting.  This  e.m.f.  will  force 
a  current  (of  an  intensity  inversely  proportional  to  the  resistance 
of  the  circuit)  through  the  circuit  which  consists  of  the  bar  and 
the  external  circuit.  The  e.m.f.  will  be  in  one  direction  while 
the  bar  is  being  moved  up  and  in  the  other  while  the  bar  is  being 
moved  down.  The  directions  of  these  induced  e.m.fs.  can  be 
ascertained  by  applying  the  hand  rule  of  Art.  427.    Power  will 
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be  required  to  move  the  conductor  between  the  poles  (since 
current  is  forced  through  the  circuit)  and  the  power,  P,  thus 
required  (neglecting  the  weight  and  the  eddy-current  loss)  will 
be  equal,  in  watts  (Art.  164)  to  J5  X  I.  If  the  circuit  is  open 
7  =  0.  Hence,  with  an  open  circuit,  P  =  0,  that  is,  no  power 
is  required  to  move  the  bar. 

Example. — If  it  be  assumed  that  there  are  200,000,000  lines  in  the  uni- 
form field  of  Fig.  217  and  that  just  1  sec.  ia  required  to  move  the  bar  at  a 
uniform  rate  through  them  (since  cutting  at  the  rate  of  100,000,000  lines 
per  sec.  induces  1  volt.  Art.  226),  an  e.m.f .  of  2  volts  (Art.  444)  will  be  gen- 
erated during  that  second.    Assuming  the  resistance  of  the  entire  circuit, 
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Fio.  253. — Illustrating  the  principle  of  the  generator. 


comprising  bar  and  external  circuit,  to  be  K  ohm,  the  current  will  (Art.  134) 
be:  I^E-¥R  —  2-r-  M*4  am'p.  The  power  expenditure — ^the  rate  of 
doing  work— will  (Art.  164)  be:P  =  -&X/-2X4  =  8  tra««. 

512.  In  Commercial  Generators  it  is  necessary  to  use  strong 
electromagnets  to  produce  the  fields  and  it  is  necessary  to  move 
conductors  through  the  fields  at  high  speeds  to  generate  the  e.m.fs. 
required.  These  high  speeds,  viz.,  high  rates  of  cutting  lines  are 
best  attained  by  rotating  conductors  formed  into  loops  through 
magnetic  fields.  The  elements  of  such  an  arrangement  are 
shown  in  Fig.  253. 
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513.  The  Hand  Rule  for  Determining  the  Relative  Directions 
of  Motioni  E.m.f.  and  Flux  as  Applied  to  a  Loop  Rotated  in  a 
Field  is  stated  graphically  in  Fig.  254,7.  This  is  merely  a  specific 
adaptation  of  the  rule  given  in  Art.  427.  Note  that  the  right  hand 
is  always  used  for  a  generator  as  at  J  while  the  left  hand  is  used 
for  a  motor  as  at  77. 

614.  What  Occurs  When  a  Conducting  Loop  Is  Rotated  in  a 
Magnetic  Field  will  now  be  discussed  in  connection  with  Figs. 
255  to  262:  Imagine  the  conducting  loop  of  Fig.  253  arranged 
in  a  magnetic  field,  as  shown  in  Fig.  255,  with  a  collector  ring 
electrically  connected  to  each  side  of  the  loop  and  provided  with 
two  metaUic  brushes,  each  so  mounted  as  to  make  electrical 
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Fio.  254. — Application  of  hand  rules  to  rotating  coils. 

contact  with  one  of  the  collecting  rings.  The  brushes  bear  down 
on  their  rings  and  always  make  electrical  connection  with  them, 
but  they  do  not  interfere  with  the  turning  of  the  loop.  The 
external  circuit  is  connected  to  the  two  brushes  as  shown. 
Furthermore,  assume  that  one-half  or  side  of  the  loop  is  painted 
black,  as  shown  merely  so  that  it  can  be  readily  distinguished 
from  the  other  half  which  is  not  painted. 

Now  if  this  loop  of  Fig.  255  be  rotated — in  either  direction — 
both  of  its  sides,  the  painted  and  the  unpainted  one,  will  cut  Unes 
of  force  (Fig.  255,77)  and  an  e.m.f.  will  be  generated  within  the 
loop  (Art.  422).  If  the  loop  be  rotated  in  the  counterclockwise 
direction  indicated,  toward  the  position  of  Fig.  256,  the  direc- 
tions of  these  e.m.fs.  (hand  rule.  Art.  427)  will  be  in  (away  from 
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the  reader)  in  the  white  side  of  the  loop  and  out  (toward  the 
reader)  in  the  black  side,  as  shown  by  the  arrows  in  /  and  by  the 
cross  and  dot  in  //.  Brush  B  (Fig.  256)  then  will  be  positive 
(+)}  because  the  direction  of  the  induced  e.m.f.  at  this  time  is 
out  of  or  away  from  it,  and  the  brush  W  will  be  negative  (  — ). 
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Fia.  255. — Conducting  loop  being  rotated  in  magnetic  field. 

Current  will  be  forced  in  the  direction  shown  through  loop  and 
the  external  circuit  by  this  e.m.f.  as  outlined  in  the  following 
example: 
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Fio.  250. — Second  position  of  conducting  loop  in  uniform  field. 

Example. — Now  assume  that  the  rotation  of  the  above-described  loop 
be  continued  at  a  uniform  speed  and  in  a  counterclockwise  direction.  Its 
sides  will  cut  lines  of  force  as  it  moves  through  the  position  of  Fig.  256  until 
it  reaches  the  position  indicated  in  Fig.  257.  At  the  instant  illustrated  in 
Fig.  257  no  lines  of  force  will  be  cut,  because  at  this  instant  the  sides  of  the 
conductor  are  moving  parallel  to  the  lines  and  can  not,  therefore,  cut  them. 
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^enoe,  at  this  instant,  the  e.m.f .  induced  will  be  zero  and  therefore  no  cur- 
rent will  be  forced  through  the  loop  or  external  circuit. 

It  can  be  shown  (Art.  518)  that,  as  the  loop  is  rotated,  at  a  uniform  speed, 
from  the  position  of  Fig.  255  to  that  of  Fig.  257,  the  e.m.f.  induced  in  it 
gradually  decreases  from  a  maximum  to  zero.     (By  ''a  maximum  e.m.f.''  is 
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Fio.  257. — Third  position  of  conducting  loop  in  uniform  field. 


meant  the  greatest  possible  e.m.f.  that  can  be  induced  in  the  loop  with  the 
given  flux  and  given  speed  of  rotation;  the  value  of  such  a  maximum  e.m.f. 
can  be  determined  in  any  given  case  by  using  the  formula  of  Art.  444.) 
The  rale  of  cutting  gradually  decreases  as  the  loop  is  rotated  until,  in  the 
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Fig.  268. — Fourth  position  of  conducting  loop  in  uniform  field. 


position  of  Fig.  257,  no  lines  are  being  cut — ^the  rate  of  cutting  is  then  zero 
and  the  induced  e.m.f .  is  therefore  zero. 

The  uniform  rotation  of  the  loop  is  continued.  Just  as  the  loop  leaves  the 
"neutral"  position  (Fig.  257)  its  sides — both  of  them — will  again  commence 
to  cut  lines.  But  the  e.m.f.  now  induced  in  each  of  the  sides  of  the  loop  will 
be  in  the  opposite  direction  from  that  induced  during  the  first  quarter  of 
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the  revolution.  Apply  the  hand  rule  of  Art.  427  and  verify  the  directions 
of  the  arrows  showing  the  e.m.f.  directions  in  Fig.  258.  The  e.m.f.  is  now 
in  in  the  black  side  of  the  loop  and  out  in  the  white  side.  .  The  brush  W 
now  becomes  positive  and  B  becomes  negative.  Compare  this  with  the 
reverse  condition  of  Fig.  255. 

The  current  impelled  through  the  loop  and  external  circuit  by  this  in- 
duced e.mi.  will  reverse  in  direction  as  the  direction  of  the  e.m.f.  reverses. 
As  the  uniform  revolution  of  the  loop  is  continued  through  the  i)08itions  of 
Figs.  259,  260,  261  and  262,  e.m.fs.  will  be  induced  during  the  time  that  the 
sides  of  the  loop  are  cutting  lines  and  none  will  be  induced  at  the  instants 
(Figs.  257  and  261)  when  they  are  not  cutting.  The  e.m.f.  induced  at  the 
instant  of  Fig.  259  will  again  be  a  maximum  because  at  this  instant  the 
loop  is  cutting  directly  across  lines — cutting  at  the  maximum  rate.  Study 
the  illustrations  and  verify  the  directions  of  the  e.m.fs.  and  the  currents 
indicated  by  the  arrows.    Also  verify  the  polarity  signs  at  the  brushes. 
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FiQ.  259. — Fifth  position  of  conducting  loop  in  uniform  field. 

Fig.  263  shows  in  one  picture  the  positions  of  a  rotating  loop 
at  five  different  instants.  Note  that  this  foop  is  being  turned  in  a 
clockwise  direction  and  that  it  starts,  at  /,  from  the  neutral 
position  where,  for  an  instant,  the  sides  of  the  loop  are  moving 
in  a  direction  parallel  to  that  of  the  flux — and  the  induced  e.m.f. 
at  this  instant  is  zero.  The  Bine  curve  (Art.  517)  in  the  lower 
part  of  the  illustration  indicates  graphically  how  the  e.m.f. 
induced  varies  in  strength  and  direction  as  the  uniform  rotation 
continues.  The  vertical  distance  at  any  point  between  the 
horizontal  line  and  the  sine  curve  itself  is  proportional  to  the 
e.m.f.  induced  at  the  corresponding  instant. 

615.  Why  the  E.mi.  Induced  in  a  Loop  Rotating  at  a  Uniform 
Speed  in  a  Uniform  Field  Is  Different  at  Different  Instants  may 
be  better  understood  from  a  consideration  of  the  example  of 


Sec.  29]       PRINCIPLES  OF  ELECTRIC  GENERATORS  343 


Direction  ^rank 

of  Rotation --^.^ 


Brushes  V\^ 

^  ^  Externa ^ 


^trrt^i  Cfra/if 


XI- Perspective  View 


XH"  Section 


Fio.  260. — Sixth  position  of  conducting  loop  in  uniform  field. 
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Fio.  261. — Seventh  position  of  conducting  loop  in  uniform  field. 
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Fio.  262. — Eighth  position  of  conducting  loop  in  uniform  field. 
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Figs.  264  and  2d4A.  Imagine  that  the  loop  A' A  is  revolved  at  a 
uniform  rate  (at  a  steady  speed  of  1  complete  revolution  in  16 
sec.)  in  the  uniform  magnetic  field  (Art.  61)  shown: 

Example. — As  the  loop  moves 
from  position  A 'A  to  B'B,  both  of 
its  sides  S'  and  S  will  cut  linos. 
Thereby  an  e.m.f.  will  be  induced 
in  the  loop  as  described  in  a  pre- 
ceding article.  One  complete  rev- 
olution, that  is  the  circumference 
of  a  circle,  is  always  equivalent  to 
360  degrees.  From  position  A' A 
to  B'B  is  He  revolution;  hence  it 
is  360  -^  16  =  22^  degrees.    Since 


Uniform 


Fig.  264. — Showing  how  the  rate 
of  cutting  lines  varies  as  a  loop  is 
rotated  in  a  uniform  magnetic  field. 

16  sec.  is  required  for  1  revolution, 
1  sec.  will  be  required  for  Jf «  rev- 
olution or  2234  degrees.  In  mov- 
ing from  A  to  B  side  &  cuts  5  of 
the  lines  of  force  shown — in  1  sec. 
But  in  moving  from  BtoC^S  cuts 
only  3  lines — ^in  1  sec.  In  moving 
from  C  to  Df  S  cuts  2  lines — ^in  1 
sec.  In  moving  from  D  to  E,  S 
cuts  1  line — in  1  sec. 

Obviously  the  rale  of  cuUinff — 
the  number  of  lines  cut  per  second 
— decreases  as  side  S  approaches 
position  E,  The  other  side  of  the 
loop  S'  is,  also,  cutting  lines  at  the 
same  rate  as  is  iS.  And  the  e.mi. 
induced  in  side  S'  acts  in  unison  around  the  loop  with  that  induced  in  side 
St  as  suggested  in  Fig.  255.  The  e.m.f.  induced  in  S,  while  it  is  moved 
from  E  around  to  A',  will  obviously  increase  as  A'  is  approached.  It  will 
be  a  maximum  at  the  instant  of  position  A'  when  S  will  be  cutting  directly 
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across  lines.    Likewise,  the  e.mi.  induced  in  the  sides  of  the  loop  varies  as 
rotation  is  continued. 

The  example  given  above  explauis  the  situation  in  general 
terms  and  outlines  in  an  illustrative  way  an  important  truth. 
However,  the  values  given  should  be  considered  as  qualitative 
rather  than  quantitative.  The  actual  rate  of  cutting  at  position 
E  is,  at  that  instant,  zero. 
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Fio.  264 A. — The  "generation"  of  a  sine  curve. 

616.  The  Sine  (abbreviated  ''sin")  of  an  acute  angle  of  a 
right-angled  triangle  is  that  value  by  which  the  length  of  the  hypot- 
enuse mrMt  he  mvltipUed  to  obtain  the  length  of  the  side  opposite  the 
angle.  Elaborate  tables  of  sines  of  all  angles  have  been  com- 
puted and  may  be  found  in  engineering  handbooks.  There  is  a 
condensed  table  of  sines  of  angles  in  the  author's  American 


'^A, 


(5iiH45*'a707) 


n-eo'An^ie 


ni-IS'An^le 


Fio.  265. — Problems  illustrating  the  application  of  the  "sine"  of  an  angle- 

Electricians'  Handbook  under  the  heading  ''Trigonometric 
Functions." 

Example. — The  angle  A  of  the  triangle  of  /  of  Fig.  265  is  known  to  be 
45  degrees  and  the  length  of  the  hypotenuse  AB  is  known  to  be  8  in.  What 
is  the  length  of  the  side  BC,  which  is  opposite  angle  A  ?  Solution. — Refer- 
ring to  any  table  of  sines  of  trigonometric  functions,  it  will  be  found  that 
the  sine  of  45  degrees  is  0.707.    Hence,  it  follows  from  the  above-given 


346  PRACTICAL  ELECTRICITY  [Art.  517 

definition  of  "sine"  that  if  the  length  of  the  hypotenuse  AB  be  multiplied 
by  this  value  "0.707,"  the  length  of  BC  will  be  the  result.  Thus:  8  X 
0.707  «  6.65  in.,  which  is  the  length  of  the  side  BC. 

Example.— What  is  the  length  of  the  side  DF  of  triangle  DEFf  Solu- 
tion.— From  a  table  it  \a  ascertained  that  the  sine  of  60  degrees  is  0.866. 
Then:  0.866  X  12  »  10.4  in.,  which  is  the  length  of  DF. 

Example.— The  sine  of  15  degrees  is  0.259,  therefore  the  length  of  GH  of 
triangle  GHI  is:  18  X  0.259  =  4.66  in. 

617.  A  Sine  Curve  or  Sinusoid  (Fig.  266)  is  a  curve  whose 
abscissas  (horizontal  distances  from  the  origin  or  starting  point) 
represent  the  lengths  of  arcs  and  whose  ordinates  (vertical  dis- 
tances from  the  base  line)  represent  the  corresponding  sines. 

Example. — The  circumference  of  the  circle  of  Fig.  266,  /  (having  a  radius 
equal  to  1)  is  divided  into  equal  arcs  AB,  BC,  etc.  The  length  of  a 
line,  such  as  Bh,  Cc,  etc.,  drawn  from  the  left  termination  of  each  section 
{AB,  AC,  AD,  etc.)  to  the  horizontal  diameter  I  A,  is  the  sine  of  the  opposite 
or  included  angle.    For  example:  length  Bh  is  equal  to  the  sine  of  22K 

iv^r/wvj?/'      """""      '""' — '     ^ — ^^ 

I  'Circle  andi  Sines  n-  Sine  Curve  or  Sinusoid 

Fio.  266. — Showing  a  sine  curve  and  the  method  of  its  construction. 

degrees,  length  Cc  is  equal  to  sine  of  45  degrees.  (For  proof  see  note  which 
follows.)  Now  by  laying  off,  as  shown  in  //,  equal  divisions  such  as  A'h\ 
h'c',  c'd',  etc.,  on  a  horizontal  line,  erecting  lines  (B'h\  Cc',  etc.)  equal  in 
length  to  the  corresponding  sines  in  order  and  joining  their  extremities,  a 
sine  curve  or  sinusoid  is  formed. 

Note. — Why  the  lengths  of  the  lines  Bh,  Cc,  Dd,  etc.,  are  equal  to  the 
sines  of  the  included  angles  opposite  them  may  be  explained  in  this  way: 
It  foUows  from  the  definition  of  a  sine  of  Art.  516.  The  hypotenuses  eB, 
eC,  eD,  etc.,  of  the  different  triangles  in  the  circle  are  all  the  same  length, 
being  in  each  case  the  radius  of  the  circle.  The  length  of  this  radius  may 
be  taken  as  being  equal  to  1.  Then  if  length  eB  be  multiplied  by  sine  of 
22  >^  degrees,  the  result  should  be  length  Bh — ^from  the  definition  of  sine  of 
Art.  516.  Hence  length  of  Bh  =  sin  22K  degrees.  The  same  sort  of  proof 
can  be  written  for  the  other  sines,  Cc,  Dd,  etc. 

618.  The  E.mi.  Induced  at  Any  Instant  in  a  Loop,  Rotated  at 
a  Uniform  Speed  in  a  Uniform  Field,  Varies  as  the  Sine  of  the 
Angle  Through  Which  the  Loop  Has  Been  Turned  from  the 
neutral  plane  which  lies  at  right  angles  to  the  field.    Art.  515 
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and  Fig.  264  indicate  why  the  e.m.f.  induced  in  a  rotating  loop 
varies  at  different  instants  as  the  loop  is  passing  through  different 
positions  in  the  field — but  they  do  not  indicate  "how  much" 
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Fia.  267. — Showing  why  the  e.m.f.  induced  in  a  loop  varies  as  the  sine  of  the 
angle  through  which  the  loop  is  turned. 

the  e.m.f.  varies.  By  carefully  considering  the  diagrams  of 
Fig.  267  in  combination  with  the  following  example  it  will  be 
evident  that  the  variation,  from  instant  to  instant,  in  the  in- 
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tonsity  of  the  induced  e.m.f.,  as  the  loop  is  rotated,  will  be  as 
stated  in  the  opening  paragraph  of  this  article. 

EiCAMPLE. — The  loop  BA  (Fig.  267,  /)  is  being  rotated  in  a  counterclock- 
wise direction  in  the  uniform  field  shown.  It  is  a  fact  that  a  line,  AC,  drawn 
at  right  angles  to  BA  (that  is,  tangent  to  the  circle  outlining  the  path  of 
the  loop)  will  when  drawn  to  some — any — scale,  represent  the  direction  and 
velocity  of  the  movement  of  the  side  S  of  the  loop  at  the  instant  shown. 
The  line  AC  should  be  drawn  to  scale  proportional  in  length  to  the  velocity 
of  the  side  8,  The  direction  of  the  line  shows  the  direction  of  S  at  that 
instant. 

Diagrams  /  to  F  inclusive  of  Fig.  267  show  different  positions  of  the  loop 
as  it  is  being  rotated  in  the  field.  In  each  of  the  five  positions,  the  length 
of  line  AC  (or  AiCi,  Asd,  etc.)  indicates  the  actual  velocity  or  speed  of  the 
loop  at  the  instant  pictured.  Since  the  speed  is  uniform,  AC^  AiCi,  AtCs, 
etc.,  are  all  the  same  length  in  each  of  the  five  diagrams  shown.  The  direc- 
tion of  the  line  AC^  etc.,  in  each  of  the  five  diagrams  shows  the  actual  direc- 
tion of  the  side  S  of  the  loop  at  each  of  the  five  instants  pictured. 

Now  at  the  instant  of  /,  the  side  S  of  the  loop  is,  as  represented  by  line 
AC^  in  the  neutral  plane  and  is  moving  directly  parallel  to  the  direction  of 
the  flux.  Side  S  is,  therefore,  cutting  no  flux  at  this  instant  and  the  e.m.f . 
in  it  is  zero.  But  consider  the  instant  of  //:  Aid  represents  the  direction 
and  speed  of  side  S  at  this  instant.  Now  any  line,  for  instance  AiCi,  which 
represents  graphically  the  movement  of  a  thing,  may  be  resolved  into  two 
components  or  parts  at  right  angles  to  each  other. 

Thus,  AiDi  and  DiCi  are  components  of  AiCi.  It  is  a  fact  that  AiD\ 
actually  represents  the  instantaneous  movement  of  side  iS  in  a  direction  at 
right  angles  to  the  lines  of  force.  The  direction  of  AiDi  represents  the  direc- 
tion of  movement  at  this  instant.  The  length  of  AiDi  represents  or  is  pro- 
portional to  the  speed  of  jS»  in  the  horizontal  direction  at  this  instant.  The 
actual  rate  at  which  S  cuts  lines  is,  obviously,  proportional  to  the  speed  with 
which  it  cuts  horizontally  across  the  lines  that  is,  at  right  angles  to  the  lines. 
This  speed  is  represented  at  the  instant  of  //  by  the  length  AiDi. 

Now  AiDi  is  proportional  to  the  sine  of  angle  C\  (Art.  516).  But,  angle 
Ci  B  angle  0,  as  can  be  shown  by  geometry.  And  angle  0  is  the  angle 
through  which  the  loop  has  turned  from  the  neutral  plane.  Since  AiDi 
represents  the  speed  of  S  at  right  angles  across  lines  at  the  instant  shown, 
it  represents  the  actual  rate  of  cutting  lines  at  this  instant.  Hence,  it  is 
apparent  that  the  rate  of  cutting  lines  is  proportional  to  the  sine  of  the  angle 
through  which  the  loop  has  been  turned  from  the  neutral  plane.  Since  0 
in  picture  II  ia  22}^  degrees  the  rate  of  cutting  lines — or  the  length  of  AiDi 
— ^is  at  this  instant,  proportional  to  the  sine  of  22>^  degrees. 

Similar  reasoning  is  followed  for  the  three  other  positions  of  the  loop 
diagrammed:  At  the  instant  of  777,  the  actual  rate  of  cutting  lines  is  repre- 
sented by  line  AtD^  which  is  proportional  to  the  sine  of  45  degrees.  At  the 
instant  of  7F,  the  actual  rate  of  cutting  lines  is  represented  by  AiDt  which 
is  proporti):ial  to  the  sine  of  67>i  degrees.  And,  at  the  instant  of  F, 
the  actual  rate  of  cutting  lines — ^now  a  maximum — ^is  represented  by 
Aidj  the  actual  speed  of  rotation,  because  the  sine  of  90  degrees  is  1.     It 
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has,  therefore,  been  shown  that  the  induced  e.mj,  varies  aa  the  sine  of  the  angle 
throt^fh  which  the  loop  hoe  turned. 

519.  The  Elementary  Alternating-current  Generator  is,  obvi- 
ously, shown  in  Figs.  255  to  262.  The  e.m.f .  induced  in  the  loop 
of  this  arrangement  and  plotted  in  the  graphs  of  Figs.  263 
and  268,7  is,  since  it  alternates  regularly  in  direction,  by  the 
definition  of  Art.  113,  an  alternating  e.m.f.  If  the  revolving 
coil  be  connected  to  an  external  circuit  since  the  resistance  of 
the  external  circuit  of  Fig.  255  remains  constant,  the  current 
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Fig.  268. — Graphs  of  e.m.f s.  in  the  loop  and  in  the  external  circuit  of  au 
elementary  direct-current  generator. 

in  amperes  forced  through  this  circuit  by  the  e.m.f.  induced  in 
the  revolving  loop  must  obviously  be  an  aUemating  current. 
Now  the  e.m.f.  induced  in  a  coil  or  loop  being  rotated  in  a  imiform 
field  varies  (Art.  518)  as  the  sine  of  the  angle  through  which  the 
loop  has  turned  from  the  neutral  plane.  It  follows,  therefore, 
that  the  curve  of  e.m.f.  of  this  loop  (Fig.  268)  is  a  sine  curve 
(Art.  517). 

520.  An  Alternating  E.m.f  •  Is  Generated  in  Any  Loop  Rotated 
in  a  Magnetic  Field  even  through  the  e.m.f.  (rectified  with  a 
commutator,  Art.  529)  impressed,  on  the  external  circuit  be  a 
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direct  e.m.f.  and  the  current  in  the  external  circuit  a  direct 
current  (Art.  107).  Fig.  268,/  and  //  iUustrates  this  principle. 
Then,  the  current  in  the  armature  (Art.  534)  of  any  direct-current 
machine  is  an  alternating  current — though  of  course  the  current 
in  the  external  circuit  is  a  direct  current. 

621.  Meaning  of  ^'Positive"  and  ^'Negative"  Direction  of 
Rotation. — The  counterclockwise  direction  of  rotation  is  usually 
called,  or  assumed  to  be,  the  ''positive"  direction  of  rotation. 
Counter dockwiae  means  opposite  in  direction  to  the  direction  of 
rotation  of  the  hands  of  a  clock.  Likewise,  the  dockwise  direc- 
tion of  rotation  is  usually  designated  as  the  "  negative '^  direction 
of  rotation.  The  terms  as  above  defined  have  been  arbitrarily 
selected  and,  while  the  definitions  given  are  the  generally  ac- 
cepted ones,  there  is  no  real  reason  why  they  could  not  be 
reversed.  When  used  to  indicate  direction  of  rotation,  then,  the 
term  "positive"  merely  means  the  opposite  of  "negative" 
and  neither  term  has  anything  to  do  (except  possibly  indirectly) 
with  the  positive  or  negative  polarities  of  the  circuit. 

622.  Meaning  of  ^'Positive''  and  ''Negative''  Directions  of 
Alternating  E.m.fs.  and  Voltages  (review  Art.  112). — In  Fig. 
255,7  the  current  is  flowing  away  from  brush  B  and  into  brush 
W.  But  in  Fig.  259,/Z,  current  flows  into  brush  B  and  out  of 
brush  W.  Obviously,  the  direction  of  the  current  in  Pig.  259 
is  just  opposite  to  that  of  the  current  in  Fig.  255.  To  distinguish 
between  these  two  possible  directions  of  e.m.f.  or  of  current  flow 
in  any  circuit,  one  (either  one)  direction  is  called  the  "positive" 
direction  and  then  the  other  is  then  designated  as  the  "nega- 
tive" direction. 

If  the  loop  of  Fig.  264  be  rotated  in  a  counterclockwise  direc- 
tion from  the  position  AA',  the  direction  of  the  induced  e.m.f. 
will  be  out  S  and  into  S\  Now  if  the  loop  from  position  AA'  is 
rotated  in  a  clockwise  direction  (Art.  521)  the  induced  e.m.f. 
direction  will  again  be  out  of  S  and  into  S\  (If  the  rotation  of 
the  loop  is  started  from  any  position  other  than  one  parallel  with 
the  flux,  AA\  Fig.  264,^1,  the  e.m.f.  will  be  in  one  direction 
if  the  rotation  is  commenced  counterclockwise  and  in  the  other 
direction  if  it  is  commenced  clockwise).  Verify  these  state- 
ments by  appl3dng  the  hand  rule  of  Art.  427.  If  the  direction 
of  the  field  is  reversed,  the  direction  of  the  induced  e.m.f.  will 
be  correspondingly  reversed.  If  in  Fig.  264,  the  direction  into 
S'  and  out  of  S  is  taken  as  the  positive  direction,  then  the  direc- 
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tion  oiU  of  S'  and  into  S  wiQ  be  the  negative  direction.  On 
this  basis,  considering  S  sAone,  the  positive  direction  is  oiU  of 
jS,  toward  the  reader;  the  negative  direction  is  into  S,  away  from 
the  reader. 

Note. — It  is  weU  to  designate  the  positive  direction  of  e.m.f .  in  each  case, 
as  the  direction  of  the  e.m.f.  or  current  in  the  loop  while  the  loop  is  being 
rotated  in  a  counterclockwise  direction  through  the  first  180  degrees  from  the 
neutral  axis.  Then  the  direction  of  e.m.f.  during  the  next  180  degrees  will 
be  negative.  The  reason  why  it  is  weU  to  so  designate  the  directions  is 
this:  the  values  of  a  sine  curve  that  are  plotted  above  the  neutral  or  zero 
line  (as  A' CD'  of  Fig.  266)  are  usually  most  conveniently  designated  as 
positive.  That  is,  they  usually  indicate  values  of  e.m.fs.  or  currents  that 
are  in  what  is  arbitrarily  designated  a  positive  direction.  Values  plotted 
below  the  zero  line  are  then  regarded  as  negative.  If  the  positive  direction 
of  e.m.f .  is  taken  as  that  just  suggested,  this  convention  will  be  preserved. 

This  matter  of  positive  and  negative  directions  is,  then,  merely  one  of 
convention  and  either  direction  of  e.m.f.  or  current  may  be  regarded  as 
positive  as  the  loop  rotates  through  the  first  180  degrees  from  the  neutral 
plane,  provided  the  directions  of  e.m.f.  and  current  as  the  loop  rotates 
through  the  remaining  180  degrees  is  regarded  as  negative. 

Note. — PosUive  and  negative  directions  of  currents  or  e.m.fs.  must  not 
be  confused  with  positive  or  negative  polarities  of  electric  circuits.  A 
"positive"  or  "negative''  direction  of  current  or  e.m.f.  bears  no  particular 
rcdation  (except  perhaps,  indirectly)  to  the  positive  and  negative  polarities 
of  a  circuit.  However,  the  polarities  of  a  circuit  do  change  as  the  directions 
of  the  e.m.f.  and  current  change.  There  are,  then,  at  least  three  possible 
usages  of  the  terms  "positive"  and  "negative:"  (1)  To  indicate  polarity  of 
circuits,  Art.  97A.  (2)  To  indicaU  direction  of  rotation,  Art.  521.  (3)  To 
indicate  direction  of  current  or  e,m.f.  as  described  in  the  article  just  preceding. 

623.  A  Graphic  Statement  of  the  Variation  of  the  E.m.f. 
Values  Induced  in  the  Loop  of  Fig.  255  at  the  different  instants 
of  its  revolution  can  be  plotted  into  a  graph  like  that  of  Fig. 
268,  /.  Assuming  that  the  loop  starts  from  the  neutral  position 
of  Fig.  257,  this  graph  of  Fig.  268,  /  shows  how  the  e.m.f.  in- 
duced in  the  loop  increases  from  zero  and  attains  a  maximum 
value  in  one  direction  (Fig.  259),  which  can  be  designated 
arbitrarily  (Art.  522)  as  the  positive  (+)  direction,  at  %o  or  }^ 
revolution. 

Note. — ^The  maximum  e.m.f.  in  the  illustration  plotted  in  Fig.  268,  / 
is  shown  to  be  9  volts.  This  means  that  the  uniform  speed  at  which  the 
loop  is  being  rotated  and  the  number  of  lines  ux  the  flux  are  such  that 
at  the  instants  when  the  sides  of  the  loop  are  passing  through  the  positions 
of  Figs.  259|  IX  and  X,  and  255  the  e.m.f .  induced  is  just  9  volts — 4H  volts 
in  each  side  of  the  loop. 


352 


PRACTICAL  ELECTRICITY 


[Art.  624 


Fig«  268,  /,  also  shows  how,  as  rotation  is  continued,  the  e.m.f . 
decreases  to  zero  at  ^%o  (or  }4)  revolution  (Fig.  261),  how  it 
reaches  its  greatest  value  in  the  other  direction,  which  we  can  call 
the  negative  ( — )  direction  (Art.  522),  at  ^^q  or  %  revolution 
(Fig.  255)  and  how  it  then  again  becomes  zero  at  ^%o  or  1  revolu- 
tion (Fig.  257).  Note  that  the  maximum  negative  and  positive 
e.m.fs.  are  equal  in  value  but  opposite  in  direction.  Any 
corresponding  negative  and  positive  (Art.  522)  locations  on  the 
curve  are  of  equal  value  but  of  opposite  directions.  The  e.m.f. 
generated  by  the  loop  will  continue  to  vary  as  shown  by  the 
graph  (Fig.  268,  /),  as  long  as  the  loop  is  rotated  uniformly. 
This  graph  or  curve  is  a  sine  curve  (Art.  517) . 

Example. — In  Table  525,  in  the  column  headed  "E"  are  shown  numerical 
values  indicating  how  a  loop  being  rotated  in  a  field  and  at  a  speed  such  that 
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Fig.  269. — ^Loop  which  is  being  rotated  in  a  magnetic  field  and  graphs  of 
e.m.f.  and  current  induced  thereby. 


the  maximum  e.m.f.  induced  is  10  volts,  induces  different  e.m.f8.  at  different 
instants.  The  sine  curve  (graphic  statement)  of  these  values  is  given  in 
Fig.  269.  The  voltage  value  for  each  instant  in  this  column  ''E*'  was  ob- 
tained by  multiplying  the  maximum  value,  10  volts,  by  the  sine  of  angle 
through  which  the  loop  had  been  rotated  (from  the  neutral  position  shown 
at  Fig.  269,  /)  up  to  that  instant. 

624.  The  E.m.fs.  and  Currents  Developed  by  Alternating- 
current  Generators  Have  Sine-wave  Forms  or  wave  forms  that 
closely  approximate  that  of  a  true  sine  wave  (see  Arts.  517  and 
519).  The  current  in  any  circuit  varies  directly  as  the  applied 
e.m.f.  It  follows  from  this  that,  if  the  e.m.f.  wave  has  a  sine- 
wave  form,  any  current  due  to  this  e.m.f.  must  also  have  a  sine- 
wave  form.  This  does  not  mean  that  the  curve  representing 
current  (see  Fig.  269)  will  be  the  same  size  as  the  curve  repre- 
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senting  voltage;  it  only  means  that  both  will  have  the  same 
general  shape  or  form.  (See  Fig.  269.)  The  derivations  of  the 
formulas'  for  many  alternating-current  calculations  are  based  on 
the  assumption  of  perfect  sine-wave  forms  for  alternating  e.m.fs. 
and  currents.  The  reason  for  this  is  that  it  is  only  on  the  basis 
of  true  sine  curves  that  is,  true  sine-wave  forms,  that  computa- 
tions can  be  readily  made  or  equations  derived. 

526.  Table  Indicating  E.niis.  Induced  at  Given  Instants  (by 
a  loop  revolved  in  a  field)  and  the  Instantaneous  Currents  Im- 
pelled thereby. 

Resistance  of  circuit  =  2  ohms. 


?^  .Time   at   which  reading  b  taken  Direetibn 
^•g  , of  e.m.f. 


Clock  time       'Degrees 


Revo- 
lutions 


and 
current 


E,    volts. 

E.m.f.   in- 
duced at  the 
given  instant 


/,     amperes.     Current 
forced   through   the 
circuit  at  the  given 
instant,  I'^E  +  R^ 


2  :  00  P.l^. 


6  I 

l\ 

9  i 

II 

12. 
13 


Ms  sec.  after  2 
Ht  sec.  after  2 
Ke  sec.  after  2 
Me  see.  after  2 

Hs  sec.  after  2 
^Mssec.  fifter2 
^He^eo.  after2 
^M«  sec.  after  2 


14  >.  lessee,  after 2 

15  j    ^Ms  sec.  after  2 

16  :    ^Me  sec.  after  2 

17  1  sec.  after  2 


18 
19 
20 
21 

22 

23 


IKs  sec.  after  3 
iKe  see.  after  2 
iHe  sec.  after  2 
IMsseo.  after2 

1  Ms  see.  after  2 
IMs  sec.  after  2 


0» 


2  :  H«  sec.  after  2  22H 

3  I  Ms  sec.  after  2  45 

4  Ms  sec.  after  2  67^ 

5  I  Ms  sec.  after  2  90 


112M 
135 
167H 
180 

202H 
225 
247H 
270 

315 
360 


Ms  + 

M  + 

Ms  ,  + 

K   ;  + 


Ms  I 
M 
Ms 
H    i 


22M 

IMs 

45 

IH 

67H 

IMs 

90 

iH 

U2M 

IMs 

135 

IM 

+ 
+ 
+ 
+ 


+ 

+ 
+ 
+ 

+ 


0.00 

3.83 

7.07 

9.24 

10.00 

9.24 
7.07 
3.83 
0.00 


0  +  2  *  0.0  amp. 


3.83 

7.07 

9.24 

10.00 

9.24 
7.07 


.  3.83  +  2 
I  7.07  +  2 
I  9.24  +  2 
10.00  +  2 

9.24  •«-  2 

7.07  +  2 

'  3.83  +  2 

0.00  +  2 


Ms 

— 

8.83 

3.83  -!-  2 

^     i 

— 

7.07 

7.07  +  2 

»Ms! 

r- 

9.24 

9.24  -h  2 

«    1 

— 

10.00 

10.00  +  2 

ws! 

_ 

9.24 

9.24  -i-  2 

ji 

— 

7.07 

7.07  +  2 

^Ms 

— 

3.83 

3.83  +  2 

— 

0.00 

0.00  -*-  2 

3.83  4-  2 

7.07  +  2 

I  9.24  -i-  2 

llO.OO  +  2 

9.24  4-2 
7.07  4-  2 


■  1.9  amp. 
-  3.5  amp. 

>  4.6  amp. 
"  5.0  amp. 

■  4.6  amp. 

■  3.5  amp. 

■  1.9  amp. 

■  0.0  amp. 

■  1.9  amp. 
k  3 . 5  amp. 

■  4.6  amp. 

■  5.0  amp. 

■  4.6  Amp. 
"3.5  amp. 

■  1.9  amp. 

■  0.0  amp. 

■  1.9  amp. 

■  3.5ftmp. 

■  4.6  amp. 

>  5.0  amp. 

■  4.6  amp. 

■  3.5  amp. 


526.  A  Sine  Curve  Julay  Represent  the  Variation  of  an 
Alternating  E.m.f .  or  of  an  Alternating  Current  with  the  Time. 
(See  Art.  719.)— Sine  curves  may  b6  drawn  to  any  convenient 
scale. 
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Example. — The  heavy  line  lying  radially  in  the  circle  to  the  left  of  Fig. 
270,  which  may  be  considered  as  revolving  (counterclockwise)  in  the  direc- 
tion of  the  arrow,  is  called  a  vector;  see  also  Art.  719.  Its  length  is  propor- 
tional to  the  maximum  value  (Art.  689)  of  the  alternating  e.m.f .  or  the  cur- 
rent which  it  represents.  The  vertical  distance  from  the  arrow-head  point, 
A,  of  the  vector  to  the  horizontal  zero  line,  CD,  is,  at  any  given  instant  as 
the  vector  revolves  proportional  to  the  instantaneous  value  of  the  e.m.f. 
or  the  current  at  that  instant.  The  lengths  of  the  lines  AB  represent  the 
instantaneous  values  at  the  45-degree  instant. 

The  length  of  any  such  line  representing  an  instantaneous  value  is 
proportional  to  the  trigonometric  sine  (Art.  516)  of  the  angle  lying  between 
the  vector  and  the  horizontal  line.  It  is  because  of  this  fact  that  a  curve 
like  that  to  the  right  of  Fig.  270  is  called  a  sine  curve. 

627.  The  Alternating  Current  (amperes)  which  is  forced 
through  the  circuit  of  Fig.  266  by  the  alternating  e.m.f.  (Art. 
680)  induced  in  the  loop,  will  also  vary  as  the  loop  is  turned, 
that  is,  it  varies  as  the  time  elapses.  The  rate  of  variation  will, 
as  with  the  e.m.f.,  be  proportional  to  the  sine  of  the  angle  through 
which  the  loop  has  been  turned  from  the  neutral  position. 


«lV**fAir    |< ICfck-- ^  '^^^ *i 

FiQ.  270. — Showing  a  rotating  vector  and  the  sine  curve  "generated"  thereby. 

The  graph  or  curve  indicating  this  rate  of  variation  will  be  a  sine 
ctirve.  For  example,  again  starting  at  the  neutral  position  of 
Fig.  267,  F,  the  current  through  the  circuits  at  this  instant  would 
be  zero.  As  the  loop  is  rotated  (Fig.  268,7//),  current  is 
forced  through  the  circuit  in  a  direction  from  collector  ring  and 
brush  W  toward  and  into  B. 

The  current  (amperes)  gradually  increases  in  accordance 
with  the  sine  law  from  position  Pig.  267,/,  to  that  of  Fig.  269, 
IX,  The  loop  has  now  been  turned  through  90  degrees  and 
the  direction  of  motion  of  its  sides  is  at  right  angles  to  the  direc- 
tion of  the  flux — the  e.m.f.  and  current  are  now  a  maximum. 
As  the  rotation  of  the  loop  is  continued  (Fig.  260),  the  current 
decreases  until,  it  having  turned  through  180  degrees,  the  posi- 
tion of  Fig.  261,X///,  is  reached — and  the  e.m.f.  and  current 
are  again  zero.  Rotation  continuing  (Fig.  262,Z7),  current  is 
again  forced  through  the  circuit  but  it  now  flows  away  from  B 
and  into  W — ^it  has  reversed  in  direction. 
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The  same  sequence  of  increases  and  decreases  and  changes  in 
direction  occur  periodically  and  repeatedly  so  long  as  rotation 
is  continued.  Since  the  current  reverses  periodically,  that  is 
with  the  time,  in  direction,  obviously,  it  is  by  the  definition  of 
Art.  113  an  alternating  current.  Note  that  the  current  attains 
its  maximiun  value  when  the  loop  has  been  turned  through  180 
degrees  from  the  neutral  or  starting  position. 

Example. — ^The  last  column  of  Table  525  shows  the  values  of  current  at 
different  instants  as  the  loop  of  Fig.  271  is  rotated  in  its  field.  The  maxi- 
mum e.m.f.  induced  is  10  volts.  The  resistance  of  the  external  circuit  is 
2  ohms  and  the  resistance  of  the  loop  itself  is  assumed  to  be  zero.  Fig. 
269,77  shows  the  graph  of  this  current. 

528.  A  Graphic  or  Sine-curve  Portraiture  of  an  Alternating 
£.m.f.  and  the  Current  It  Produces  is  shown  in  Fig.  269  for  the 
circuit  of  Fig.  271.  The  current  in  any  circuit  varies  as  the 
e.m.f.  which  is  forcing  it  through  the  circuit  varies.  This 
must  be  true  in  order  that  the  requirements  of  Ohm's  law  (Art. 
134)  be  satisfied.  Since  an  alternating  e.m.f.  can  be  represented 
by  a  sine  curve  (Art.  526),  it  follows  that  its  alternating  current 
may  also  be  represented  by  a  sine  curve.  However,  the  sine 
curve  of  a  current  will  be  numerically  equal  to  (the  same  size 
as)  the  curve  of  the  e.m.f.  that  produces  it  only  when  the  re- 
sistance is  numerically  equal  to  one.  This  follows,  because 
I  =  E  -i-  R;  now  if  7?  =  1  then,  7  =  jK  4-  1,  that  id  then, 
I  —  E,  If  72  is  greater  than  1  and  the  graphs  of  both  e,fn.f.  and 
current  are  plotted  to  the  same  numerical  scale,  the  current  curve 
will  lie  within  the  e.m.f.  curve  as  shown  in  Fig.  269.  But 
if  R  is  less  than  1,  the  current  curve  will  lie  without  the  e.m.f. 
curve. 

Example. — Consider  the  elementary  generator  and  circuit  of  Fig.  271. 
It  will  be  assumed  that  the  loop  there  shown  is  being  rotated  at  the  unifomi 
rate  of  1  turn  (or  1  revolution)  per  sec.  The  loop  is  assumed  to  have  no 
resistance  but  the  external  circuit  has  2  ohms  resistance.  The  flux  in  the 
field  is  assumed  to  be  such  that  the  maximum  instantaneous  e.m.f.  induced 
in  the  loop  is  10  volts.  That  is,  at  the  instants  when  the  sides  of  the  loop 
are  cutting  lines  at  right  angles — the  maximum  rate — the  e.m.f.  then  induced 
is  10  volts.  The  e.m.fs.  induced  at  other  instants  can  be  ascertained  as 
suggested  in  Art.  518  by  multiplying  this  maximum  e.m.f.  by  the  sine  of  the 
angle  between  the  neutral  position  of  the  loop  and  its  position  at  the  gvoen 
instant. 

The  values  of  the  instantaneous  e.m.fs.  induced  at  successive  instants  are 
shown  in  column  "E"  of  the  Table  525.  '  These  values  were  computed  as 
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described  ^bove.  Now,  consider  what  occurs  as  the  loop,  being  started 
from  the  neutral  position  shown,  is  rotated  at  this  uniform  rate  of  1  turn 
per  sec. 

Assume  that  rotation  is  commenced  at  just  2:00  p.m. — ^it  could  be  com- 
menced at  any  other  time  just  as  well  but  2:00  p.m.  will  be  taken  so  that 
there  will  be  a  definite  starting  time.  As  it  is  started,  at  this  instant — at 
2:00  P.M. — the  loop  does  not  cut  any  lines  because,  at  this  instant,  its  sides 
are  moving  parallel  to  the  direction  of  the  flux.  Hence,  at  this  instant,  the 
induced  e.m.f .  is  zero  as  shown  in  Art.  525.  Furthermore,  no  current  is  forced 
through  the  external  circuit  at  this  instant  because  the  e.m.f.  is  then  zero. 
As  the  rotation  is  continued,  the  sides  of  the  loop  begin  to  shear  through 
lines  and  thereby  e.m.fs.  are  induced  in  the  loop. 

However,  the  e.m.fs.  induced  at  successive  instants  increase  as  the  rota- 
tion is  continued  (through  the  first  00  degrees)  because  as  the  sides  of  the 
loop  move  further  away  from  the  neutral  position  their  rate  of  cutting  be- 
coibes  greater — they  cut  more  lines  per  second. 


i^>/fmf/fr 


*ti(hrfm!  Cfrciiit 


'  fn^tffrtt sbcwTt  fs  W  y^f/f^ 


Tip.  271.— Elementary  alternating-current  generator  forcing  current  through 
ah  external  circuit.  (The  sine  curves  of  e.m.f.  and  current  for  this  arrangement 
are  shown  in  Fig.  269.) 

Now,  consider  the  instant  when  the  loop  has  been  rotated  just  22J^ 
degrees  away  from  the  neutral  position.  The  e.m.f.  induced  at  this  instant 
is  shown  as  3.83  volts:  Why  3.83  volts?  This  is  the  reason:  The  maxi- 
mum e.m.f.  has  been  assumed  to  be  10  volts.  If  this  value  of  10  volts  is 
multiplied  by  the  sine  of  22}-^  degrees,  which  is  0.383,  the  instantaneous 
e.m.f.  at  the  22}2-degree  position  or  instant  should  be  the  result,  as  sug- 
gested in  Art.  618.  Thus:  10  volts  X  0.383  =  3.83  voUs.  Note  that  this 
22}^-degree  position  corresponds  in  every  instance  to  Jf  6  revolution  be- 
cause 22  J^  degrees  is  H«  of  360  degrees  and  360  degrees  always  represents 
a  complete  revolution. 

Note  also  that  since  the  loop  started  at  2:00  p.m.  and  is  being  rotated  at  a 
uniform  rate  of  1  turn  or  revolution  per  sec,  the  loop  will  have  reached 
the  22>$-degree  position  just  He  sec.  after  2:00  p.m.  It  is  evident  that  the 
position  of  the  loop  can  be  designated  by  any  one  of  these  methods:  (1)  by 
degree  it,  (2)  by  revolutions  or  parts  thereof  and  (3)  by  time  or  by  fractions  or 
multiples  of  a  second.  It  is  so  designated  for  a  number  of  different  posi- 
tions in  the  table  of  524. 

What  current  is  being  forced  through  the  circuit  of  Fig.  271  at  this  22 Ji- 
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degree  instant?  In  the  preceding  article  jt  was  ascertained  that  the6.m.f. 
developed  at  this  instant  is  3.83  volts.  The  entire  circuit  on  which  this 
e.m.f .  is  impressed  comprises  the  loop  itself  and  the  external  circuit*  But 
it  has  been  assumed  that  the  loop  has  zero  resistance.  Hence  the  total 
resistance  of  the  entire  circuit  is  2  ohms,  the  resistance  of  the  external  circuit. 

By  Ohm's  law:  /  =  J5  +  22.  Then,  the  current  at  this  22}^-degree 
instant  is:  /  «  iB  +  fi  =  3.83  +2-1.9  amp.  The  current  curve  in 
Fig.  269  is  plotted  accordingly. 

By  proceeding  as  suggested  above,  the  e.m.f.  and  current  values  at  any 
other  instants  during  a  revolution  ot  the  loop  can  be  ascertained.  They 
have,  accordingly,  been  computed  and  shown  in  Art.  525  for  successive  in- 
stants, 22 J^  degrees — or  Jfe  sec.  or  Jfe  revolution — apart.  These  values 
have  then  been  plotted  in  the  graph  of  Fig.  269.  This  graph  shows  pic- 
toriaUy  the  relation  of  an  alternating  e.m.f.  to  the  current  it  forces  through 
a  circuit  under  the  conditions  specified.  Since  it  requires  He  or  }4  sec. 
for  the  e.m.f.  of  this  elementary  generator  (Fig.  271)  to  complete  1  cycle, 
it  has  a  frequency  (Art.  682)  of  8  cycles  per  sec. 

After  ihe  loop  has  rotated  through  180  degrees  the  direction  of  the  e.m.f. 
induced  in  it  will  be  reversed  as  de- 
scribed in  Art.  514.     The  direction  of  .Metai 5egmenh 
the  current  will  then  be  reversed  cor-                   V'.\^     ^  \       •♦- 
respondingly.     This  is  shown  by  the     Insuh^ionl 
change  from  the  -\-  to  the  —  sign  in 
the  table.     These  signs  indicate  the       shafA 
directions  and  not  the  polarities  of  the 
e.m.f s.  and  currents  as  described  in 
Art.  622. 

As  long  as  the  rotation  of  the  loop 
is  continued,  the  e.m.f.  and  current    Fjq.  272. — Sectional  view  of  two-eeg- 
will  continue  to  vary  and  reverse  reg-  ment  commutator, 

ularly.    The  reversals  will  occur  at 

each  successive  Jfe  aec.  The  current  and  e.m.f .  will  vary  in  accordance  with 
the  sine  law  as  indicated  in  the  graph  of  Fig.  269. 

529.  A  Commutator  (Fig.  272)  may  be  defined  as  a  device 
or  rectifier  for  changing  in  one  portion  of  a  circuit  the  directions 
of  the  e.m.f.  or  current  produced  in  another  portion.  Ordinarily, 
a  commutator  is  used  for  changing  an  alternating  e.m.f.  or  current 
to  a  direct  e.m.f.  or  current.  The  process  involved  in  this  chang- 
ing may  be  referred  to  as  commutation  or  rectification.  Large 
conunutators  are  shown  in  Figs.  314  and  315. 

Example. — ^The  commutator  on  the  loop  of  the  elementary  generator  of 
Fig.  273  rectifies  the  alternating  e.m.f.  induced  in  the  loop  (the  graph  of 
which  is  shown  in  the  lower  portion  of  the  figure)  in  Fig.  268,/  so  that  a 
direct  e.mi.  (Fig.  268,  //)  is  impressed  on  the  external  circuit.  This  process 
of  rectification  is  described  in  another  article. 
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630.  To  Produce  a  Direct  £.ini.  with  a  Generator,  the 
Alternating  E.rni.  Induced  in  Its  Armature  Is  Rectified  with  a 
Commutator. — A  simple  commutator  is  shown  in  Fig.  273  con- 
nected to  a  loop  which  may  be  rotated  in  a  magnetic  field*  One- 
half  of  the  loop  and  its  commutator  segment  are  painted  black 
and  the  other  side  and  segment  are  white,  merely  for  idetitifica- 
tion.  A  consideration  of  the  following  example  will  make  it 
clear  as  to  how  a  commutator  rectifies  the  alternating  e.m.f. 
which  is  always  induced  (Art.  520),  in  a  loop  which  is  rotated  in 
a  field. 

Example. — Refer  to  Fig.  273.  The  commutator  segments  are  electrically 
connected  to  their  respective  sides  of  the  loop  but  they  are  insulated  from 
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Commutator 
JeffT/tfrt 
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Circuit 


f    Fig.  273. — Commutator  arranged  on  loop  in  field. 

each  other  and  from  the  shaft  by  an  air  gap.  The  shaft  is  insulated  from 
the  loop.  Assume  that  the  loop  is  rotated  at  a  uniform  rate  in  a  clockwise 
direction  by  turning  the  crank.  Fig.  274,7,  which  is  a  duplicate  of  273 
except  that  it  is  a  simplified  sectional  view,  shows  conditions  at  the  starting 
instant.  No.  e.m.f.  is  induced  in  the  loop  at  this  instant  because  its  sides 
are  then  moving  in  a  direction  parallel  to  that  of  the  flux. 

Rotation  is  continued.  After  the  loop  has  been  rotated  through  >^o 
revolution  the  conditions  are  as  indicated  at  //.  At  this  instant  the  sides 
of  the  loop  are  cutting  lines  and  an  e.m.f.  is  being  induced  which  forces 
current  through  the  loop  and  external  circuit.  By  applying  the  hand  rule 
of  Art.  513  it  will  be  found  that  the  direction  of  the  e.m.f.  and  current  is 
in  in  the  white  side  of  the  loop  (shown  by  the  cross)  and  oui  of  the  black  side 
(as  shown  by  the  dot).  Hence,  the  current  is  forced  out  through  the  brush 
larked  +  and  enters  the  brush  marked  — .     Bj  is  then  the  positive  polarity 
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Fio.  274. — Conducting  loop  with  commutator  rotating  in  a  field. 
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Fio.  276. — First  positions  as  loop  is  started  in  rotation. 
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Y^j8  or  ^Revolution 
Fio.  276. — Neutral  position  of  loop. 
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(+)  brush  because  the  e.m.f.  is  directed  away  from  it  and  because  the  cur- 
rent flows  out  of  it.  Bi  is  the  negative  polarity  (— )  brush  because  the 
direction  of  the  e.m.f.  is  into  it  and  because  the  current  flows  into  it. 

If  this  elementary  generator  is  to  impress  a  direct  e.m.f.  on  and  force  a 
direct  current  through  its  external  circuit  as  long  as  its  rotation  is  con- 
tinued, the  current  must  continue  to  flow  out  of  Bt  and  to  flow  into  Bi. 
It  will,  by  virtue  of  the  commutator,  do  this  as  will  be  shown. 

As  the  rotation  of  the  loop  is  continued  it  passes  through  the  positions 
of  Fig.  275,///  and  IV.  The  direction  of  the  e.m.f.  and  current  in  the 
loop  remains  (hand  rule,  Art.  427)  atU  of  the  black  side  and  in  the  white 
side  of  the  loop  as  indicated  by  the  dot  and  the  cross  respectively  in  the 
illustration.    Bt  retains  its  —  polarity  and  Bz  its  +  polarity. 

Now,  as  the  rotation  is  continued,  at  the  instant,  pictured  in  Fig.  276,  V, 
when  the  sides  of  the  loop  are  moving  parallel  to  the  direction  of  the  lines 
of  force,  no  e.m.f.  is  induced  in  either  the  white  or  the  black  side  of  the  loop. 
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FiQ    277. — Positions  of  conducting  loop  as  its  rotation  continues. 


Hence,  at  this  instant,  there  can  be  no  current — the  brushes  are  neither 
positive  nor  negative.  Note  that,  at  this  instant,  the  brushes  bridge  both 
commutator  bars. 

As  the  turning  of  the  loop  is  continued  the  instant  depicted  in  Fig.  277,  V/ 
is  reached.  The  sides  of  the  loop  are  again  cutting  lines  and  an  e.m.f. 
and  current  are  again  induced.  But  now  the  current  and  e.m.f.  direction 
is  in  in  the  black  side  and  atU  of  the  white  side.  Note  that  the  direction  of 
e.m.f.  and  current  has  reversed  in  the  loop.  But  at  the  instant  the  direction 
within  the  loop  started  to  reverse,  the  white  commutator  segment  slid  out 
from  contact  with  brush  Bi  and  the  black  segment  slid  into  contact  with  it. 
A  similar  change  occurred  with  the  segments  at  brush  Bt.  This  change  of 
brush  contact  from  one  segment  to  the  other  at  the  proper  instant — ^that  is, 
when  the  direction  of  e.m.f.  in  the  loop  reverses — maintains  the  e.m.f.  im- 
pressed on  the  external  circuit  always  in  the  same  direction  in  spite  of  the 
fact  that  the  direction  of  e.m.f.  in  the  loop  changes  in  direction  once  during 
each  revolution.    This  illustrates  the  function  and  action  of  the  commu- 
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tator.     Pig.  278  shpws  the  situation  in  one  illustration.    Compare  this 
with  Fig.  263.      t 

As  the  rotation  of  the  loop  is  continued  it  passes  successively  through  the 
positions  shown  in  Figs.  277,  V//  and  279,  F///  and  IX,  the  direction  of 
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e.m.f.  and  current  in  the  external  circuit  remaining  out  of  B^  and  into  Bi 
during  the  instants  when  the  sides  of  the  loop  are  cutting  lines.  As  the 
loop  is  rotated  the  e.m.f.  induced  in  it  varies  at  different  instants  as  described 
^n  the  discussion  of  the  elementary  alternating-current  generator. 
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831.  A  Loop  or  a  Coil  of  a  Few  Concentrated  Turns  When 
Provided  with  a  Commutator  and  Rotated  in  a  Field  Produces 
a  Pulsating  E.mJ. — ^and  current  if  the  external  circuit  is  closed. 
See  Art.  110  for  definition  of  a  pulsating  e.m.f.  or  current. 
Thus  the  graph  of  Fig.  268,//,  for  the  arrangement  of  Fig.  273 
is  that  of  a  pulsating  current.  All  pulsating  currents  are  direct 
currents  but  the  reverse  is  not  true.  To  produce  a  continuous 
(Art.  108)  direct  current  the  graph  of  which  would  be  about 
Uke  that  of  Fig.  298,  it  is  necessary  to  interconnect  several  groups 
of  coils  to  commutator  bars  in  a  manner  indicated  in  Art.  565. 

632.  The  Fundamental  Difference  Between  an  Alternating- 
current  and  a  Direct-current  Generator  is  that  the  alternating- 
current  machine  impresses  on  the  external  circuit  connected  to 
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Fio.  279. — Final  podtions  of  conducting  loop. 


it  an  e.m.f.  which  regularly  varies  in  magnitude  and  in  direction 
in  accordance  with  the  sine  law  (Art.  525)  as  shown  in  the  graph 
of  Fig.  268,7.  A  direct-current  generator  impresses  on  its 
external  circuit  an  e.m.f.  (Fig.  249)  which  is  always  in  the  same 
direction  (for  a  given  arrangement  of  connections)  and  which 
remains  practically  constant  in  magnitude.  These  distinctions 
logically  follow  from  the  definitions  of  a  direct  current  (Art. 
107)  and  of  an  alternating  current  (Art.  113).  The  mechanical 
differences  between  these  two  types  of  machines  are  discussed  in 
following  articles. 

^  633.  A  Graphic  Comparison  of  the  E.m.fs.  of  Elementary 
Alternating  and  Direct-current  Generators  is  given  in  Fig.  268, 
wherein  7  shows  the  curve  of  e.m.f.  induced  in  the  loop  and 
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impressed  on  the  line  by  a  loop  like  that  of  Fig.  255,/  when 
it  is  rotated.  It  is  assumed  that  at  the  instant  when  the  sides 
of  this  loop  are  cutting  lines  at  right  angles — at  the  maximum 
rate — ^the  e.m.f.  is  then  9  volts.  The  graph  is  plotted  on  this 
basis.  Now  if  a  commutator  is  added  to  the  loop,  as  in  Fig.  273, 
the  e.m.f.  induced  in  the  loop  when  it  is  rotated  in  the  field  can 
still  be  represented  by  the  graph  of  Fig.  268,/.  But  the  e.m.f. 
impressed  on  the  external  circuit  would  then  be  represented  by 
the  graph  of  //.  A  comparison  of  Figs.  263  and  278  will  further 
illustrate  this  idea. 

B34.  An  Armature  of  an  Electric  Generator  comprises:  (1) 
the  conducting  loops  in  which  the  e.m.f.  is  induced,  when  the 
loops  cut  or  are  cut  by  the  magnetic  flux,  and  (2)  (he  structure  im- 
mediately associated  with  them.    The  armature  of  an  actual  ma- 
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Fig.  280. — Inductor  coils  of  two  and  three  turns. 


chine  is  usually  thought  of  as  comprising  the  armature  winding 
or  conducting  loops,  the  iron  core  or  structure  on  which  the 
loops  are  wound  and  the  necessary  insulation  which  prevents  the 
turns  of  the  loops  from  making  electrical  contact  with  each  other 
or  with  the  armature  iron. 

Examples. — The  loops  of  the  elementary  generators  shown  in  Figs.  255, 
273  and  280  may  be  considered  as  primitive  revolving  armatures.  The  re- 
volving armature  of  a  magneto  generator  is  shown  in  Fig.  281.  The  revolv- 
ing armature  of  an  actual  direct-current  generator  is  shown  in  Fig.  312. 
The  stationary  armature  of  an  alternating-current  generator  is  illustrated 
in  Fig.  394. 

636.  Every  Generator  Must  Have  an  Armature  and  a  Field, 

that  is,  a  magnetic  field  (Art.  61).  This  statement  is  perfectly 
general  and  applies  to  all  dynamos  or  electric  generators  both 
alternating  and  direct  current.     The  distinctive  features  of  the 
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field  structures  and  armatures  of^  the  machines  of  these  two 
geteeral  types  are  described  in  the  specific  articles  relating/to  them. 

636.  Generators  May  Have  Stationary  Armatures  and  Re- 
volving Fields  or  the  Reverse. — Commercial  direct-current 
generators  always  have  stationary  field  structures  and  rotating 
armatures.  Theoretically,  direct-current  generators  could  be 
made  which  would  have  stationary  armatures  and  rotating  fields. 
Modern  alternating-current  generators — except  possibly  the  very 
smallest  ones — always  have  rotating  fields  and  stationary 
armatures. 

Examples. — Figs.  285  and  286  delineate  a  direct-current  generator  and  its 
rotating  armature.  Fig.  384  shows  a  small  alternating-current  generator 
having  a  stationary  field  structure  and  a  revolving  armature  while  Fig.  389 
illustrates  a  modem  alternating-current  generator  having  a  stationary 
armature  and  a  rotating  field  structure. 

637.  The  Factors  That  Determine  the  Voltage  Developed 
by  Any  Generator  are:  (1)  The  flux  or  0,  that  is,  the  number  of 
lines  of  force  which  are  cut  by  or  cut  the  armature  conductors. 
(2)  The  number  of  cutting  conductors  on  the  armature  which  cut 
the  flux.  (3)  The  speed  at  which  the  conductors  move  through 
the  flux.  Obviously  these  three  factors  determine  the  rate  of 
cuUing  which  as  outlined  in  Art.  438  always  determines  the  in- 
tensity of  an  induced  e.m.f.  If  the  flux,  the  number  of  cutting 
conductors  gr  the  speed  of  the  cutting  conductors  is  increased, 
the  e.m.f.  induced  is  increased  proportionately.  If  any  one  or 
two  or  all  of  these  factors  is  decreased  the  e.m.f.  will  be  decreased 
accordingly.  The  above  noted  factors  are  combined  into  an 
equation  in  Art.  542. 

638.  The  Amount  of  Flux  Which  Is  Cut  by  the  Armature 
Conductors  of  a  Generator  is  determined  largely  by  the  size  and 
design  of  the  machine.  Obviously  it  is  desirable  to  have  the 
flux  in  each  case  as  great  as  is  consistent  with  economical  design. 
To  secure  the  greatest  flux  compatible  with  economy  the  portion 
of  the  generator  which  carries  the  flux  should  have  low  reluc- 
tance (Art.  227)  that  is,  high  permeance  (Art.  238).  Conse- 
quenty  the  air  gaps  which  the  flux  must  cross  should  be  as  short 
as  possible.  The  conductors  which  cut  or  are  cut  by  the  flux  are 
wound  on  iron  cores  to  insure  low  reluctance. 

639.  Increasing  the  Ntmiber  of  Cutting  Conductors  can  be 
effected  by  increasing  the  number  of  turns  in  the  armature  coil — 
or  by  increasing  the  number  of  coils  as  described  under  "  Direct- 
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current  Generators."  In  alternating-current  generators  which 
have  stationary  armatures  (Art.  707)  the  number  of  coils  or  the 
number  of  turns  per  coil  may  be  increased  in  a  somewhat  similar 
way.  For  example  a  rotating  armature  coil  may  comprise  a 
number  of  turns  as  in  Fig.  280.  The  e.m.f.  induced  in  any  one 
turn  of  the  coil  will  be  equal,  approximately,  to  that  induced  in 
each  of  the  other  turns.  These  e.m.fs.  act  in  conjunction  or 
in  series  and  the  greater  the  number  of  turns  the  greater  the 
e.m.f.  If  1  volt  is  induced  in  each  turn,  a  coil  of  5  turns  would 
induce  an  e.m.f.  of  5  volts.  That  the  cm.fs.  in  the  different 
turns  do  act  conjunctively  can  be  verified  by  applying  the  hand 
rule  of  Art.  427. 

While  e.m.f.  can,  theoretically,  be  increased  to  any  extent 
desired  by  increasing  the  number  of  turns  there  are  other  con- 
siderations that  tend  to  limit  the  number  of  turns  per  coil 
feasible  in  a  practical  machine.  If  a  coil  of  many  turns  is  to 
occupy  the  same  space  as  one  of  a  few  turns,  smaller  wire  must 
be  used  for  the  many-turn  coil.  But  in  every  case  the  wire 
comprising  a  coil  must  be  sufficiently  large  that  it  will  not  be- 
come excessively  hot  when  the  generator  operates  continuously 
at  its  full  load  and  the  coil  is  carrying  its  full-load  current. 
Furthermore,  although  the  e.m.f.  may  be  increased  by  increasing 
the  number  of  turns,  the  resistance  of  the  coil  also  increases 
directly  as  the  number  of  turns.  Great  resistance  in  the  arma- 
ture circuit  will  involve  considerable  power  loss,  heating  and 
voltage  drop  in  the  machine,  which  are  obviously  objectionable. 
(The  line  current  in  the  external  circuit  served  by  a  generator,  or 
at  least  a  certain  definite  proportion  of  it,  flows  in  every  armatiu-e 
coil  and  this  current  is  always  relatively  large.) 

The  necessary  insulation  oh  the  armature  or  coil  conductors 
further  increases  the  space  required  by  them  and  since,  because 
of  certain  design  considerations,  the  space  allowed  for  the  con- 
ductors is  limited  (usually  it  is  a  slot  in  the  armature  core)  the 
number  of  turns  in  the  average  coil  does  not  ordinarily  exceed 
6  or  8.  However,  a  number  of  coils  can  be  arranged  on  the 
same  armature  to  increase  the  e.m.f.  as  described  in  Art.  537. 

Example. — The  armature  of  the  magneto  generator  described  in  Art.  543 
is  an  example  of  an  armature  having  a  winding  of  many  turns. 

640.  The  Speed  at  Which  the  Armature  Ccnductcrs  Move, 
that  is  the  revolutions  per  minute  of  the  armature,  is  Umited  by 
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considerations  of  safety  and  economy.  (In  modern  alternating- 
current  generators  the  armature  conductors  are  almost  invariably 
stationary  and  the  field  structure  rotates;  in  direct-current 
generators,  the  armature  rotates  and  the  field  structure  is  sta- 
tionary.) Where  a  generator  is  to  be  direct-connected  to  an 
engine  or  other  prime  mover,  the  prime-mover  speed  determines 
the  generator  speed.  In  any  case  the  probable  speed  of  the  prime 
mover  must  be  considered.  Excessively  high  speeds  are  not 
permissible  because  of  the  great  centrifugal  stresses  they  impose. 
A  peripheral  speed  of  about  a  mile  a  minute  is  probably 
the  upper  limit  for  armatures  of  ordinary  machines  but  higher 
speeds  can  be  and  have  been  used.  Greater  speeds  are  used  in 
small  generators  than  in  large  ones. 

641.  The  Inductors  (Fig.  282)  of  an  armature  are  the  conduc- 
tors in  which  the  e.m.f .  is  induced.  Usually,  each  of  the  two  sides 
of  every  turn  in  an  armature  coil  is  an  inductor.  However,  with 
coils  wound  in  certain  ways  (Art.  572)  only  one  of  the  sides  of  a 
turn  may  be  an  inductor.  Thus,  as  a  rule,  every  turn  of  an 
armature  coil  comprises  two  inductors.  The  end  turns  of  arma- 
ture coils  do  not  ordinarily  cut  flux  but  move  parallel  to  the  Unes 
of  the  flux  when  the  coil  rotates  and  are  not,  therefore,  effective 
in  inducing  e.m.f.  and  hence  are  not  inductors. 

Examples. — ^The  armature  coil  of  Fig.  282  has  2  turns  and  4  inductors. 
The  loop  of  Fig.  255  has  1  turn  and  2  inductors.  The  coil  of  Fig.  280,  / 
also  has  2  turns  and  4  inductors  while  that  of  //  has  3  turns  and  6  inductors. 

642.  The  £.mi.  Induced  in  Any  Coil  Which  Is  Rotated  in  a 
Magnetic  Field  may  be  computed  on  the  following  basis:  If  the 
number  of  lines  cut  per  second  by  a  single  inductor  of  the  coil  be 
divided  by  10*  (Art.  444),  the  result  will  be  the  average  e.m.f., 
in  volts,  induced  in  that  inductor  during  that  second.  Then  the 
total  average  e.m.f.  induced  in  the  coil  will  be  the  average  e,m,f. 
per  inductor  multiplied  by  the  number  of  inductors  in  series. 
Proceeding  on  the  basis  of  the  principle  just  outUned,  the  follow- 
ing formula  (117)  for  the  e.m.f.  induced  in  a  coil  which  is  rotated 
in  a  magnetic  field  may  be  derived: 

Let  the  symbol  <t>T  stand  for  the  total  number  of  lines  cut 
by  ea^h  inductor  or  side  of  each  turn  of  the  coil  during  one  revolu- 
tion  of  the  coil.  Then  the  total  number  of  lines  cut  by  all  of  the 
inductors  of  the  coil,  per  revolution,  will  be  equal  to  the  number 
of  inductors  in  the  coil  multiplied  by  the  total  number  of  lines 
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that  are  cut  by  each  inductor  per  revolution.  Let  C  =  the 
number  of  inductors  in  the  coil.  Then,  ^r  X  C  =  the  total  num- 
ber of  lines  cut  by  all  of  the  inductors  of  the  coil  per  revolution. 
Now,  if  r  =  the  revolutions  per  minute  of  the  coil,  it  follows 
that  r  -5-  60  =  the  number  of  its  revolutions  per  second,  since 
there  are  60  sec.  in  a  minute.  If  the  number  of  Unes  cut  per 
revolution  be  multipUed  by  the  revolutions  per  second,  the  result 
will  be  the  total  number  of  Unes  cut  per  second.  Hence,  (0r  X  C) 
X  (T  -T-  60)  =  total  number  of  lines  cut  per  second  by  all  of  the 
turns  of  the  coil.  As  stated  above,  if  this  total  number  of 
lines  cut  per  second  be  divided  by  10*  (100,000,000),  the  result 


'P^fOn 


^  Ar/na fore  Core 
Casting 


1  -  Section 


Fin  Cofmtctin^  with  Cere 
n  ■  Elevation 


Jhfffi 

Contact -i 
\  Spring 

PinCofintcting    \ 


Fig.  281. — ^Armature  of  magneto  generator. 

will  be  the  average  e.m.f.  in  volts,  the  quantity  sought.  Ex- 
pressing the  above  operations  in  an  equation: 

(117)  E.  =  lopopocoreo  ("«'^) 

Wherein  0r  =  flux  or  total  number  of  Unes  of  force  cut  by  each 
inductor  during  one  (1)  revolution.  T  =  number  of  revolutions 
per  minute  =  r.p.m.  C  =  number  of  inductors  or  sides  of  the 
coil  or  loop  which  are  in  series  and  form  one  circuit  between 
brushes  or  coUector  rings  of  opposite  polarity.  Ea  =  average 
e.m.f.  in  volts  induced  in  the  rotating  coil;  see  note  foUowing. 

Note. — The  above  formula  will  not  give  results  which  are  strictly  accur- 
ate for  alternating-current  armatures  where  the  inductors  are  widely  dis- 
tributed over  the  surface  of  the  armature  (Arts.  539  and  563).  Where  the 
inductors  are  concentrated,  that  is  where  they  are  grouped  quite  closely 
together  as  in  Fig.  281,  the  result  given  will  be  quite  accurate  for  alternating- 
current  machines.  The  result  given  will  be  strictly  accurate  for  all  direct- 
current  generators.  Note  also  that  the  term  average  e.m.f,  has  a  specific 
meaning  (Art.  690)  when  applied  to  an  alternating  e.m.f. 
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Example. — ^What  average  e.m.f.  would  be  induced  in  the  loop  of  Fig.  256 
if  it  be  rotated  at  the  rate  of  1,800  r.p.m.  and  the  flux  is  400  kilolines,  that 
is  400.000  lines?  Solution. — Each  inductor  or  side  of  the  loop  cuts  the 
flux  twice  per  revolution,  hence  0r  =  2  X  400,000  =  800,000.  The  num- 
ber of  inductors  in  series  between  collector  rings  is  two,  that  is  the  coil  has 
two  sides.    Substituting  in  the  formula  (117): 


Ea^ 


<t>TXCxT 


800,000  X  2  X  1,800 


100,000,000  X  60    100,000,000  X  60 


=  0.48  voU, 


This  would  be  an  alternating  e.m.f. 

Example. — See  example  under  Art.  543,  the  magneto  generator,  for 
another  illustration  of  the  application  of  this  equation. 

Example. — What  average  e.m.f.  would  be  induced  in  the  loop  of  the  ele- 
mentary direct-current  generator  (Fig.  273)  if  it  were  rotated  at  a  speed 
of  1,200  r.p.m.,  assuming  that  the  flux  is  800,000  lines?    Solution. — Each 
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inductor  or  side  of  the  loop  cuts  the  flux  twice  per  revolution,  therefore 
0r  =2  X  800,000=  1.600,000  lines.  The  number  of  inductors  in  series  be- 
tween brushes  is  two.     Now  substituting  in  the  formula  (117): 

^    y      0r  X  C  X  T  1,600,000  X  2  X  1,200       ^^^      ,, 

^^  ^  100,000,000  X  60  "       100,000,000  X  60       ""  "'^^  ^^"" 

This  is  a  direct  e.m.f. 

643.  The  Magneto  Generator  (Figs.  281,  283  and  284)  such 
as  is  used  in  local-battery  telephone  instruments  and  in  magneto 
testing  sets  offers  an  example  of  a  small  generator  illustrating 
the  essential  principles.  Its  construction  also  illustrates  the 
fact  that  by  connecting  a  number  of  inductors  or  coil  turns  in 
series,  a  relatively  high  total  -e.m.f.  jnay  be  induced.  The 
armature  winding  consists  of  a  single  length  of  wire,  wound  into  a 
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coil  of  many  turns,  around  the  armature-core  casting;  hence  all 
of  the  inductors  are  in  series.  The  flux  is  produced  by  several 
steel,  permanent  magnets.  Usually  these  magnetos  are  provided 
with  collector  rings  or  their  equivalent  and  hence  impress  alter- 
nating e.m.fs.  on  the  circuit  connected  to  them.  However,  they 
can  be — and  are  for  certain  special  purposes — equipped  with  a 
commutator  and  then  they  impress  direct,  pulsating  e.m.fs.  on 
the  external  circuit.  The  effective  e.m.f.  (Art.  691)  of  the  aver- 
age magneto  generator  is  about  60  to  75  volts. 

Example. — ^When  a  certain  magneto  generator  is  turned  at  a  uniform 
speed  of  100  r.p.m.,  the  alternating  e.m.f.  it  produces  at  its  terminals  is  70 
volts,  as  indicated  by  a  voltmeter  there  connected.    The  armature  is  wound 
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Fzo.  2S4. — Magneto  generator  assembled. 


with  3,000  turns  of  wire.  What  is  the  flux  produced  by  the  permanent  mag- 
nets. Solution. — ^Each  turn  of  the  armature  winding  obviously  has  two 
sides  or  inductors,  hence  the  total  number  of  inductors  is:  2  X  3000  « 
6,000  indwAoTS.  A  voltmeter  connected  to  an  alternating-current  circuit 
always  indicates  the  effective  e.m.f.  (Art.  695)  of  the  circuit.  But  the  sym- 
bol E^  in  the  formula  of  117  stands  for  the  average  e.m.f.  (Art.  690)  or  £«*. 
Now  (Art.  697):  J?.  =  0.901  X  ^.  =  0.901  X  70  =  63.6  volU  «  werag€ 
e.m.f.    Now  substitute  in  the  formula: 


0r  = 


10«  X  60  X  Ea 
CX  T 


100,000,000  X  60  X  63.5 
6,000  X  100 


■  eS5,000  lines. 


This  means  that  635,000  lines  of  force  span  the  gap  wherein  the  armature 
is  rotated.  (In  the  above  example  it  is  assumed  that  a  magneto  generator 
produces  an  e.m.f.  of  true:sine-wave  form  (Art.  517).  In  practice  this  is  not 
strictly  true  as  the  wave  form  is  usually  rather  peaked.  The  actual*  e.m.f. 
induced  will  be  somewhat  greater  than  that  given  by  the  above  formula.) 
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644.  Constant-potential   and    Constant-current    Generators. 

All  commercial  generators  may  be  divided  into  the  two  classes  or 
groups  just  specified. 

A  Constant-potential  or  Constant-b.m.f.  Generator  is  one  which 
wUl,  under  normal  conditions,  impress  a  practicaUy  constant  e.m.f .  or  voltage 
on  the  external  circuit  connected  to  it.  (The  term  "constant  difference  of 
potential"  is  a  better  one  than  "constant  potential"  because  it  better  de- 
scribes the  machine.)  Nearly  all  modem,  commercial  generators,  both  alter- 
nating-current and  direct-current,  except  the  relatively  few  used  directly 
for  series  street  lighting  and  other  series  circuits,  are  constant  e.m.f.  gener- 
ators. In  practice,  the  term  '' constant  e.m.f."  is  appUed  when  the  e.m.f. 
referred  to  never  varies  more  than,  say,  10  per  cent,  from  a  constant  value. 
Constant  e.m.f.  generators  are  designed  to  have  their  armatures  rotated  at 
practically  constant  speeds. 

The  current  in  the  external  circuit  of  a  constant  e.m.f.  generator — and  in 
the  generator — ^will,  in  accordance  with  Ohm's  law  (Art.  134),  vary  inversely 
as  the  resistance  of  the  external  circuit.  The  circuits  connected  to  a  con- 
stant-potential machine  are  parallel  circuits  (Art.  191) — ^the  receiving  devices 
such  as  lamps  and  motors  are  connected  in  parallel  to  the  circuits. 

Note. — By  adjusting  the  field  rheostat  (Art.  562)  of  a  constant  e.m.f. 
generator,  the  voltage  which  it  impresses  on  the  external  circuit  may  be 
varied  within  a  considerable  range.  Also,  by  adjusting  the  field  rheostat, 
the  impressed  voltage  may  be  held  practically  constant,  even  if  the  prime- 
mover  speed  decreases  or  increases  somewhat. 

Example. — Constant  e.m.f.  generators  are  used  for  all  indoor  incandes- 
cent lighting,  railway  traction,  multiple  arc  lighting  and  electrical  power 
transmission  in  North  America.  The  transmission  circuits  in  all  of  these 
cases  are  parallel  or  multiple  circuits. 

A  Constant-current  Generator  (see  Art.  109  for  definition  of  "con- 
stant current")  is  one  which  maintains  a  constant  current  in  the  external 
series  (Art.  187)  circuit  connected  to  it,  the  terminal  e.m.f.  of  the  machine 
var3ring  as  the  resistance  of  the  external  circuit  changes.  Practically  all 
constant-current  generators  are  direct-current  and  they  are  seldom  used 
now.  About  their  only  application  in  North  America  is  for  series  street 
lighting.  They  were  formerly  used  to  some  extent  in  this  country  and  are 
now  used  in  certain  cases  in  Europe  for  the  transmission  of  electrical  energy. 
See  author's  American  Electricians'  Handbook  for  method  of  varying 
impressed  e.m.f.  so  as  to  maintain  current  constant. 

Example. — In  series  street  lighting  circuits  the  current  is  maintained  at 
about  10  amp.  The  lighting  devices  are  connected  in  series  so  this  constant 
current  flows  through  them  in  tandem.  The  e.m.f.  required  to  force  a  cur- 
rent through  a  lighting  device  having  a  resistance  of  5  ohms  would  be 
(^  =  /  X  i?  =  10  X  5)  50  volts.  Then  if  100  such  lighting  devices  were 
connected  on  one  circuit  the  generator  would  have  to  impress:  100  X  50 
volts  »  5,000  volU  on  the  circuit  to  circulate  this  10«mp.  current.  A  small 
additional  e.m.f.  would  also  be  required  to  overcome  the  IR  drop  in  the 
line  ^res. 

The_constant-currcnt  series  system  of  distribution  is  economical  of  copper 
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where  the  circuits  are  very  long  as  in  street  lighting.  No.  6  copper  is  usu- 
ally employed  for  these  circuits.  Each  unit  on  the  series  circuit  must  re- 
ceive its  proper  proportion  of  energy,  since  the  current  is  maintained  con- 
stant. Its  disadvantages  are  its  high  potential  and  the  fact  that  motors  and 
similar  devices  to  operate  on  constant  current  can  not  be  designed  readily. 
Lamps  and  other  devices  for  use  on  constant-current  circuits  are  provided 
with  automatic  cut-oiUa  which  automatically  provide  a  short-circuit  path 
around  the  device  if  it  accidentally  opens  or  develops  other  troubles. 

646.  Direct-current  Generators. — It  has  hereinbefore  been 
shown  (Art.  520)  that  an  alternating  e.m.f.  is  induced  in  the 
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Fig.  2S5. — Assembly  view  of  a  small  direct-current  compound-wound  gener- 
ator. (This  is  the  same  Allis-Chalmers  machine,  a  dissembled  view  of  which  is 
shown  in  Fig.  286.) 

armatures  of  all  generators  but  that,  when  a  suitable  commutator 
is  provided,  this  alternating  e.m.f.  may  be  so  rectified  that  an 
e.m.f.  which  is  always  in  the  same  direction — a  direct  e.m.f. — 
may  be  impressed  on  the  external  circuit.  Generators  designed 
to  thus  produce  direct  e.m.fs.  are  direct-current  generators. 
The  fundamental  principles  of  these  machines  have  already  been 
briefly  indicated.  In  following  articles  their  principal  charac- 
teristics will  be  considered. 

646.  The  Necessary  Components  of  a  Direct-current  Gen- 
erator are: — (1)  A  field  structure,  (2)  an  armature,  (3)  a  commv^ 
tator  and  (4)  brushes.     Each  of  these  essential  parts  is  shown 
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in  an  assembled  machine  in  Fig.  285,  and  in  a  disassembled  one 
in  Fig.  286.    The  functions,  construction  and  general  arrange- 
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Fio.  286. — Dissembled  view  of  the  small  direct-current  generator  (Allis-Chal- 
mers  Electric  Company). 

ment  of  these  different  components  are  treated  in  articles  which 
follow. 


SECTION  30 
DmECT-CXJRRENT  GENERATOR  FIELD  STRUCTURES 


547.  A  Magnetic  Field  Is  Necessary  in  Every  Generator  as 

indicated  in  Art.  535  so  that  the  inductors  can  cut  or  be  cut)  by 
this  field  and  thereby  have  induced  in  them  an  e.m.f. 

648.  Methods  of  Producing  the  Field.  Field  Magnets.— 
The  magnetic  field  of  a  generator  is  produced  by  fidi  magnets 
which  may  be  either  permanent  magnets  or  electromagnets. 
However,  very  powerful  fields  are  essential  in  most  commercial 
generators  and  these  can  be  obtained  only  with  electromagnets. 
Another  disadvantage  of  perma- 
nent magnets  is  that  with  them 
there  is  no  method  of  conven- 
iently controlling  or  varying 
their  strengths.  Sometimes  the 
fields  of  very  small  generators, 
such  as  magnetos  (Art.  543)  used 
for  telephone  signaling  and  in- 
ternal-combustion engine  igni- 
tion, are  produced  by  permanent 
^aagnets.  In  all  generators  used 
for  electric  lighting,  energy  trans- 
mission and  industrial  applica^ 
tions  the  fields  are  produced  by 
electromagnets.  The  field  mag- 
nets of  every  generator  are 
modified  horseshoe-shaped  magnets.  It  will  be  found  that  in 
every  case  each  magnet  unit  consists  of  a  yoke  and  two  legs  the 
ends  of  which  form  the  poles.  The  legs  are  so  disposed  that  the 
armature  revolves  between  them. 

ExvMPLE. — Fig.  287  shows  (diagrammatically)  a  generator.  Note  that 
the  field  magnet  is  essentially  of  horseshoe  form.  Note  also  the  same  con- 
dition in  the  magneto  generator  of  Fig.  284.  Considering  the  multipolar 
generator  of  Fig  288.  each  pair  of  magnet  coils  and  the  portion  of  the 
magnetic  circuit  associated  with  them  in  reality  comprise  a  horseshoe 
magnet. 

373 


Fio. 


287. — Diagrammatic  drawing  of 
a  series  generator. 
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649.  The  Field  Structure  (Fig.  288)  is  that  portion  of  a  gen- 
erator comprising  and  immediately  associated  with  its  field 
magnets.  The  field  coils  or  magnet  coils  (Fig.  289)  are  the 
insulated  copper  wire  or  strap  coils  through  which  electrons  are 
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Fio.  288. — Field  structure  of  a  multipolar  (four-pole)  direct-current  generator. 

forced  to  produce  the  magnetic  field.  Frequently,  particularly 
in  the  large  machines,  these  coils  are  (Fig.  289,  /)  provided  with 
air  spaces  between  layers  or  turns  to  faciUtate  ventilation. 
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Fig.  289. — Field  coils.  (Note  how  the  series  coil  of  /  is  composed  of  bar  cop- 
per with  spaces  between  its  turns  to  assure  effective  ventilation  and  cooling.  Also 
note  the  space  between  the  series  and  the  shunt  coil  for  the  same  purpose.) 


The  magnet  cores  (Fig.  290)  are  of  soft  iron  or  steel  to  minimize 
hysteresis  losses  and  are  frequently,  particularly  in  the  larger 
machines,  laminated  to  minimize  eddy-current  losses.  Fig. 
291  shows  the  magnet  core  of  a  large  machine  thus  laminated. 
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The  ends  of  the  cores  which  are  nearest  the  armature  are  flared 
out  into  pole  shoes,  sometimes  called  pole  pieces  or,  merely, 
"shoes."  The  shoes  are  occasionally  separate  blocks  of  metal 
as  in  Fig.  287  but  more  often  they  comprise  enlarged  portions 
of  the  material  of  the  core.  Shoes  are  provided  for  three  reasons: 
(1)  They  decrease  the  distance  between  the  end  of  the  core  and 
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Fio.  290. — ^Laminated  magnet-core  for  a  direct-current  generator. 

the  armature.  (2)  They  spread  the  flux  along  the  armature 
and  produce  the  most  effective  distribution  thereof.  (3)  They 
serve  to  hold  the  magnet  coils  in  place. 

660.  Direct-current  Generators  May  Be  Classified  or  grouped 
in  accordance  with:  (1)  The  number  of  poles,  Art.  651.  (2) 
The  method  of  field  excitation,  Art.  553.  (3)  The  type  of  field 
winding,   Art.    557.    All   three 

classiflcations  are  appUcable  to 
the  same  generator.  That  is,  to 
comprehensively  describe  a 
direct-current  generator  one 
should  indicate:  (a)  How  many 
poles  it  has,  (b)  How  its  fields 
are  excited  or  magnetized,  (c) 
The  type  of  winding  used  for  its 
fields.  These  different  classifica- 
tions and  their  subclassifications 
will  be  described. 

661.  in  Classifying  Direct-current  Generators  on  the  Basis 
of  Number  of  Poles,  they  may  be  grouped  into:  (1)  bipolar  and 
(2)  muUipolar  machines.  Bipolar  machines  are  those  which 
have  only  two  magnet  cores  or  "poles.'*  Multipolar  machines 
have  more  than  two  magnet  cores  or  ''poles."  The  bipolar 
design  though  formerly  used  exclusively  is  now  applied  for  only 
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Fio.  291. — Showing  the  laminated 
core  for  a  field  magnet  for  a  large  Fort 
Wayne  direct-current  generator. 
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the  smallest  machines.    See  Art.  694  for  an.  outline  of  the  ad- 
vantages of  the  multipolar  design. 

Examples. — ^Fig.  287  shows  the  general  characteristics  of  the  bipolar 
design  while  Figs  285  and  288  show  multipolar  machines. 

662.  The  Arrangement  of  Poles  is  always  such  that  they 
alternate  in  polarity  around  the  frame.  This  is  true  of  the  poles 
of  all  generators,  both  alternating-current  and  direct-current. 

Example. — ^In  Fig.  288,  the  shoes  alternate  in  polarity  thus,  NSNS 
around  the  frame.  This  same  principle  is  also  shown  in  following  illustra- 
tions. 

663.'  There  Are  Two  Methods  of  Field  Excitation  used  for 
direct-current  generators.  A  machine  may  be  either  (1)  sepa- 
rately excited  (Fig.  292)  or  (2)  self-excited. 
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Fig.  292. — Diagrams  of  a  separately-excited,  direct-  or  continuoua-current 
generator  serving  an  electro-plating  vat. 

664.  Separately-Excited  Generators  are  sometimes,  though 
infrequently,  used.  The  current  which  flows  in  the  field  magnet 
coils  is  impelled  by  some  source  other  than  the  generator  itself. 
Such  machines  are  used  in  special  cases  (for  testing  in  electrical 
machine  factories)  where  very  close  regulation  of  the  field  strength 
is  desirable  and  for  electrolytic  or  electroplating  work  where  it 
is  of  importance  that  the  polarity  of  the  machine  be  not  reversed. 
Another  generator  or  a  storage  battery  (Fig.  292)  may  be  used 
for  impeUing  the  excitation  current.  The  field  magnets  may  be 
wound  for  any  desirable  voltage  which  may  be  available,  inas- 
much as  they  have  no  electrical  connection  with  the  armature 
of  the  separately-excited  machine.  Practically  all  alternating- 
current  generators  are  separately  excited  as  indicated  in  Art.  555. 

666.  Self-excited  Generators. — Practically  all  direct-current 
generators  are  self-excited.  That  is,  the  current  which  excites 
or  magnetizes  their  field  magnets  is  impelled  by  the  armature 
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of  -the  generator-  itself.  The  field  current  of  a  self-excited 
generator  is  det-ermined  almost  entirely  by  the  brush  voltage  of 
the  machine. 

Example. — Fig.  293  shows  typical  diagrams  of  self-excited  generators. 
Note  that  n  each  case  the  field  windings  are  so  connected  that  the  e.m.f . 
induced  in  the  armature  of  the  generator  forces  the  current,  which  magnetizes 
the  field  magnets,  to  flow  around  the  field  coils. 

666.  The  Excitation  of  Self -excited  Generator  Field  Magnets. 

— ^It  is  not  readily  apparent  why  a  machine  should  be  self -exciting 
because  the  current  which  magnetizes  the  fields  must  be  impelled 
by  the  e.m.f.  induced  in  the  armature  inductors  when  they  cut 
flux.  And  it  seems  reasonable  that  there  should  be  no  flux 
to  cut  until  a  current  is  circulating  in  the  field  coils.  The 
explanation  is  that  practically  all  commercial  iron  and  steel  has 
some  residtml  magnetism — magnetism  retained  in  the  material — 
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Fio.  293. — Rheostats  for  field  strength  control. 

which  causes  the  generator  to  build  up.  Hence,  there  is  prac- 
tically always,  when  a  machine  is  not  in  operation,  a  weak 
though  appreciable  flux  emanating  from  the  poles.  Then, 
when  the  armature  is  caused  to  rotate,  its  inductors  (Art.  541) 
cut  this  flux  and  a  low  voltage  is  induced  in  the  armature.  This 
voltage  impels  a  current  through  the  field  coils  which  increases 
the  flux.  This,  in  turn,  increases  the  current  in  the  field  coils 
which  still  further  increases  the  flux.  The  increases  continue 
until  the  saturation  point  (Art.  248)  and  the  normal  voltage  of 
the  machine  are  attained.  All  self-exciting  machines  "build 
up"  in  this  same  manner. 

Note. — "  Building  up  "  may  require  20  to  30  sec.  Occasionally  machines 
appear  to  lose  all  of  their  residual  magnetism  and  will  not  build  up.  Then, 
while  the  machine  is  being  started, the  fields  must  be  weakly  excited  by  using 
some  source  of  low  e.m.f.  (for  example,  several  dry  cells  in'series  or  a  low- 
voltage,  direct-current  lighting  circuit)  to  force  current  through  the  field 
coils  and  produce  an  initial  magnetization.    Usually  after  this  treatment 
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the  machine  will  bitild  up  satisfactorily.  Sometimes  the  earth's  field,  Art. 
51,  can  be  made  to  induce  the  initial  magnetization.  See  the  author's 
Electrical  Machinery  for  detailed  directions  as  to  how  to  make  machines 
build  up. 

667.  The  Three  Types  of  Field  Windings.— The  field-magnet 
windings  of  direct-current,  self-excited  generators  may  be  ar- 
ranged or  connected  so  as  to  produce  the  required  number  of 
ampere  turns  to  develop  the  necessary  flux,  in  accordance 
with  one  of  three  different  methods.  Generators  may,  therefore, 
be  classed  as  regards  their  method  of  field  winding  arrangement 
into:  (1)  Series-wound  generators,  Fig.  294  and  Art.  668.  (2) 
Shunt-wound  generators.  Fig.  296  and  Art.  669.  (3)  Compound- 
wound  generators,  Fig.  296  and  Art.  660.  Each  of  these  types  has 
distinctive  characteristics  and  is  inherently  fitted  for  certain 
services  as  will  be  shown. 


Armafur^ 


I  -  0  iogrom  H-^lemcntary  Orcuit 

Fio.  294. — Diagrams  of  a  series  or  series-wound  generator. 

668.  Series  Generators,  Fig.  294,  have  their  armatures, 
field  coils  and  external  circuits,  all  in  series.  The  same  current 
flows  in  the  external  circuit,  the  field  coils  and  the  armature — 
obviously  this  must  be  true  since  these  components  are  in  series. 
See  Art.  187,  series  circuit.  The  appUcations  and  characteristics 
of  series  generators  are  discussed  in  Art.  618.  Since  the  current 
in  the  series  field  coil  is  relatively  large,  a  comparatively  small 
number  of  turns  produces  the  required  ampere-turns  for  magnet- 
ization. 

669.  Shunt-wound  Generators  (Fig.  296)  have  their  field 
windings  connected  in  shunt  or  parallel  with  the  armature. 
Hence  the  current  in  the  field  coils  is  only  a  portion  of  that  in 
the  armature.  Since  the  armature  e.m.f.  is  impressed  across  the 
shunt  field  winding,  it  follows  that  the  current  in  the  field  wind- 
ing will,  in  accordance  with  Ohm's  law,  be  determined  by  its 
resistance.     Usually  shunt-wound  machines  are  so  proportioned 
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that  from  5  per  cent,  (small  machines)  to  1  per  cent,  (large 
machines)  of  the  total  armature  current  circulates  in  the  field 
coils.  Inasmuch  as  the  shuntfield  current  is  relatively  small  a 
much  larger  number  of  field  turns  is  required  than  in  series 
machine  coils  to  produce  the  necessary  ampere-turns  for 
magnetization. 


Armohfn  ^xHrnolOrouit 


I-Oiagrom  H- Elementary    Circuit 

Fio.  295. — Diagrams  of  a  shunt-wound  generator. 

Note. — The  current  circulating  through  the  shunt  field  winding  equals: 
{iht  e.m.f.  across  brushes  of  opposite  polarity)  -5-  {the  resistance  of  the  field 
mnding  +  the  resistance  of  the  field  rheostat). 

The  current  circulating  through  the  armature  of  a  shunt  generator 
equals:  the  current  in  the  field  winding  +  the  current  in  the  external  circuit. 

660.  Compound-wound  Generators  (Fig.  296)  are  hybrids, 
partaking  of  the  characteristics  of  series  and  of  shunt  machines. 


^iftwj-n^i  Cff^Vff 
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I-Diaqram  II-Elementary   Circuit 

Fig.  296. — Diagrams  of  a  compound- wound  generator. 

The  main-line  current  (or  a  certain  definite  proportion  of  it 
when  a  series  shunt  is  provided)  flows  in  the  series  coil.  Hence 
the  series-coil  current  varies  with  the  load.  The  shunt  coil  is 
connected  directly  across  the  armature  and  the  current  forced 
through  the  coil  by  the  armature  e.m.f.  is  always  the  same 
(practically)  and  is  inversely  proportional  to  the  shunt-field 
circuit  resistance. 
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.  661.  LongHshunt  and. Short-shunt  Connections  for  compound- 
wound  generators  are  illustrated  in  Fig.  297.  A  short-shunt  field 
connection  is  one  wherein  the  shunt-field  winding  is  connected 
directly  across  the  brushes  or  armature.  A  long-shunt  fisld 
connection  is  one  where  the  shunt-field  winding  is  connected  across 
the  armature  and  the  series-field  winding.  Any  compound- 
wound  generator  can  be  readily  changed  from  a  short-shunt  to  a 
long-shunt  machine  or  vice  versa  by  merely  altering  the  field 
connection  accordingly.  The  efifect  of  each  of  these  connections 
on  the  performance  of  the  generator  is  discussed  in  the  author's 
American  Electricians'  Handbook  and  in  his  Electrical 
Machinery. 

662.  The  Methods  of  Controllmg  Field  Strength  are  indicated 
diagrammatically  in  Fig.  293.  The  rotational  speeds  (r.p.m.) 
of  generators  are  constant  (that  is,  they  do  not  vary  more  than 


'*''^^'V  Armafure. 

I- Short  Shunt  ^I-Long  Shunt 

Fia.  297. — ^Long  and  short  shunt  connections  of  compound- wound  generators. 

a  few  per  cent.),  hence  the  only  feasible  way  of  controlUng  or 
varying  the  rate  of  cutting  flux,  the  e.m.f.  that  the  machine 
produces,  is  by  varying  the  flux  or  the  field  strength.  Where  a 
generator  has  a  shunt-field  winding,  the  field  strength  may  be 
varied  by  altering  the  shunt-field  current  by  incorporating  a 
rheostat  in  series  with  it.  Increasing  or  decreasing  the  resistance 
in  the  field  circuit  by  moving  the  rheostat  handle  decreases  or 
increases  the  field  current  and  consequently  the  flux. 

With  a  generator  having  a  series  winding,  field  control  may  be 
effected  by  arranging  a  rheostat  in  shunt,  Fig.  293,  //,  with 
the  winding.  With  the  rheostat  circuit  open,  Une  current  flows 
in  the  series  coil  and  the  flux  is  a  maximum.  But  if  current  is 
permitted  to  flow  in  the  rheostat  circuit,  the  current  in  the 
series  coil  is  decreased  accordingly.  By  varying  the  resistance 
in  circuit  in  the  field  rheostat,  the  flux  is  correspondingly  varied. 


SECTION  31 

PRINCIPLES  OF  DIRECT-CURBfNT  GENERATOR  ARMA< 

TURES 

663.  The  Function  of  a  Direct-current  Armature  is,  for 
generators  for  most  commercial  purposes,  to  produce  an  un- 
varying, continuous  e.m.f.  The  definition  of  an  armature  is 
given  in  Art.  534.  In  Art.  630  the  method  whereby  the  alternat- 
ing e.m.f.  induced  in  a  rotating  loop  may  be  rectified  into  a  direct 
e.m.f.  in  the  externa  circuit  is  expla  ned.  However,  the  e.m.f . 
thus  produced  by  the  loop,  as  shown  in  Fig.  268,  //,  is  a  pulsat- 
ing e.m.f.  because  it  is  always  in  the  same  direction.  Obviously, 
this  pulsating  e.m.f.  would  not  be  applicable  for  a  majority  of 
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Fio.  298. — Graph  of  a  practically  constant  e.m.f. 

applications  because  it  consists  merely  of  a  series  of  impulses. 
How  armatures  may  be  arranged  so  as  to  produce  the  "smooth" 
continuous  e.m.fs.,  such  as  that  shown  graphically  in  Fig.  298, 
will  be  explained. 

664.  Production  of  a  Constant  or  Unvarying  E.m.f.  by  In- 
creasing the  Number  of  Coils. — Imagine  the  primitive  direct- 
current  generator  of  Fig.  273  modified  by  the  addition  of  another 
coil  and  pair  of  commutator  segments  as  su^ested  in  Fig.  299 
and  compare  the  two  arrangements.  With  the  single-coil 
arrangement  it  is  obvious  that  there  are  certain  instants  (Figs. 
27ft  and  279)  at  which  no  e.m.f.  is  being  induced.  Such  instants 
occur  twice  during  each  revolution.    Also,  for  a  considerable 
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proportion  of  each  revolution  the  e.m.f.  induced  is  small  as  the 
graph  of  Fig.  268  shows.  But  when  the  two-coil  "armature"  of 
Fig.  299  is  rotated  in  the  field  there  is  no  instant  when  the  e.m.f. 
impressed  across  the  brushes  is  zero.  The  brushes  are  so  disposed 
that  they  always  connect  with  the  coil  in  which  the  greater  e.m.f. 
is  being  induced. 

^j^  Directiofi  of  Rotation  EXAMPLE. — Consider    the    elemen- 

tary generator  of  Fig.  299.  (One 
coil  has  been  shown  dark-colored  and 
the  other  white  merely  for  distinction, 
otherwise  they  are  the  same.)  The 
light-colored  coil  is  cutting  flux  at  a 
maximum  rate  at  the  instant  depicted 
and  the  dark  coil  is  not  cutting  flux. 
At  this  instant  it  is  the  white  coil 
which  is  impelling  the  current  in  the 
external  circuit.  As  the  coil  is  rotated , 
the  e.m.f.  induced  in  the  white  coil 
will  decrease  and  that  in  the  dark  coil  will  increase.  The  e.m.f s.  in  both 
coils  will  be  equal  when  the  coils  have  been  turned  K  revolution  or  90  de- 
grees from  the  starting  position  which  is  shown  in  Fig.  299.  When  the 
e.m.fs.  thus  become  equal,  the  brushes  bridge  the  commutator  segments 
connected  to  the  coils.  An  instant  later,  the  brushes  contact  only  with  the 
segments  connected  with  the  dark  coil.  As  rotation  of  the  coil  is  continued 
the  cycle  of  occurrences  just  described  will  be  repeated. 


%-    Coamufat^ 


Brushes 
Fig.  299. — Showing  an  elementary 
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Fio.  300. — Graph  of  e.m.f.  of  two-coil  generator  of  Fig.  299.1 

If  the  e.m.fs.  induced  by  this  two-coil  armature  be  plotted 
into  a  graph,  it  will  be  of  the  form  indicated  in  Fig.  300.  The 
heavy  line  indicates  the  e.m.f.  impressed  on  the  brushes.  The 
current  circulated  in  the  external  circuit  will  vary  in  accordance 
with  a  similar  curve.  The  dotted  line  shows  the  e.m.f.  induced 
in  the  white  coil  and  the  dashed  line  that  in  the  dark  coil — or 
vice  versa.     Every  }i  revolution  or  90  degrees  the  e.m.f.  is  a 


Sbc.  31]  GENERATOR  ARMATURES  383 

maximum.  Furthermore,  every  J^  revolution — midway  be- 
tween the  maximum  instants — the  e.m.fs.  are  equal  and  less 
than  the  maximum.  Note  that  by  the  addition  of  1  coil  the 
brush  e.m.f.  has  been  prevented  from  decreasing  to  zero  at  any 
instant.  It  is  apparent  that  by  adding  more  coils  the  variation 
of  brush  e.m.f.  during  a  revolution  can  be  still  further  decreased. 
666.  To  Generate  a  Constant,  Direct  E.m.f.,  many  inductors 
are  properly  arranged  on  an  iron  core  so  as  to  form  an  armature 
(Art.  634).  The  conductors  are  suitably  connected  together, 
in  ways  which  will  be  described,  and  to  commutator  bars  as 
shown  in  Fig.  301.  Then  to  generate  an  e.m.f.  this  armature  is 
rotated  at  uniform  speed  in  a  magnetic  field.  Some  of  the  in- 
ductors— not  the  same  ones  constantly  but  diflferent  ones  at 
different  instants  of  a  revolution — ^are  always  cutting  flux  at  the 
maximum  rate,  that  is,  cutting  at  right  angles  across  the  flux. 
Thereby  a  direct,  constant  e.m.f. 

is  impressed  on  the  brushes.  The  ^A^^XCi^"^^  k» v..^  -^ 
graph  of  such  an  e.m.f.  is  given  ^=^^U.f\  >__^,!^:i: 
in  Fig.  298.  Obviously,  the  cur-  j^^' 
rent  impelled  in  an  external  cir-  ^  ^^^ 
cuit  of  constant  resistance  by  this 
e.m.f.  will  be  constant  (practically)  ^::^;i^  -  ^ 
also  and  m  every  case  will   be  ArmahjreCors 

inversely  proportional  (See  Ohm's     Fio.    301.— Showing  a  four-coil 

Law  equation)  to  the  resistance  of  armature      (This  ia  a  closed  circuit. 
,  .         .        .    , .  «^N  drum  winding.) 

the  entire  circuit  (Art.  136). 

666.  Open-coil  and  Closed-coil  Armature  Windings  are  dia- 
granmied  in  Fig.  302.  In  open-coil  windings  the  coils  as  a  whole 
do  not  form  a  closed  circuit  but  each  coil  is  in  circuit  only  when 
the  commutator  bars  to  which  it  is  attached  contact  with  the 
brushes.  In  closed-coil  windings  the  coils  as  a  whole,  together 
with  the  commutator  segments  to  which  they  are  connected, 
form  a  closed  circuit  upon  themselves  and  each  coil  always  com- 
prises part  of  the  circuit.  Practically  all  modern  armatures  ai*e 
of  the  closed-coil  type.  Open-coil  armatures  have  been  used  to 
some  extent  in  series  arc-lighting  generators. 

667.  Effect  of  Open-  and  Closed-coil  Windings  on  Brush 
£.m.f. — With  an  open-coil  winding.  Fig.  302,/,  the  e.m.f.  of 
each  coil  decreases  to  zero  every  }^i  revolution,  or  180  degrees 
as  shown  by  the  dotted  and  the  dashed  curves  of  Fig.  303. 
The  dotted  curve  shows  the  variation  with  the  time  of  the  e.m.f. 
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of  the  white  coU  and  the  dashed  curve  that  of  the  dark-colored 
coil.  With  a  closed-coil  winding  (Fig.  302,//),  since  the  coils 
are  connected  in  series,  the  e.m.f.  impressed  on  the  brushes  is 
at  any  instant  the  sum  of  the  e.m.fs.  induced  in  the  coils  at  that 


Co//.. 


1- Open -Coll  Winding  n-  Closed -Coil  Winding 

FiQ.  302. — Diagrammatic  open-coil  armature  winding  and  closed-coil  armature 

winding. 

instant.  Thus  the  full-line  curve  of  Fig.  303  may  be  taken  as 
the  e.m.f.  curve  of  the  closed-coil  winding  of  Fig.  302,//.  This 
full-line  curve  was  obtained  by  adding  together  the  values  of 
the  dotted  and  the  dashed  curves.    Note,  then,  that  a  winding 
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Fio.  303. — Showing   e.m.fs.   impressed   on   brushes   by  open-  and  closed-coil 
windings  illustrated  above. 


''connected  closed-coil"  has  the  property  of  producing  a  higher 
e.m-f.  than  the  same  winding  "connected  open-coil." 

668.  The  Functions  of  the  Armature  Core  are  two:  (1)  It 
constitutes  a  strong  mechanical  support  for  the  inductors.     (2) 
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It  decreases  the  reluctance  of  the  magnetic  circuit  and  induces 
the  flux  to  follow  paths  where  it  will  be  most  effective. 

Examples. — If  the  inductors  of  Fig.  299  were  wound  on  a  cylindrical  iron 
core  instead  of  on  an  "air  core"  arranged  for  rotation  between  the  N  and 
the  8  pole,  the  reluctance  of  the  magnetic  circuit  would  be  very  greatly 
decreased  and  a  correspondingly  fewer  number  of  ampere-turns  would  pro- 
duce the  flux  necessary  for  the  induction  of  the  required  voltage.  In  a 
multipolar  machine,  if  there  were  no  armature  core,  the  flux  would  tend  to 
bridge  directly  between  the  poles,  as  at  Fig.  304,7,  where  the  inductors 
would  not  cut  across  it.  With  an  iron  core,  incorporated  as  shown  at  77, 
practically  all  of  the  flux  traverses  the  coil  and  crosses  the  air  gap  where  the 
inductors  will  cut  through  it. 

669.  Construction  and  Material  of  Armature  Core. — So  that 
the  core  will  decrease  the  reluctance  of  the  magnetic  circuit  as 


1  -  Without  Core  H  -  Witti  Core 

Fio.  304. — Multipolar-generator  magnetic  circmt  showing  effect  of  armatuie 
core  on  flux  distribution. 


much  as  possible,  it  should  be  of  highly  permeable  material. 
HencO;  in  practice,  soft  iron  or  electrical  steel  is  used.  Since  the 
core  is,  when  the  generator  is  in  operation,  being  magnetized  by 
induction  in  one  direction  (iV)  and  then  demagnetized  and  mag- 
netized in  the  other  direction  (/S),  as  portions  of  its  surface  pass 
under  the  poles  of  opposite  polarity  in  succession,  it  is  subject  to 
hysteresis  (Art.  303).  High-grade  iron  should  therefore  be  used 
to  maintain  the  hysteresis  loss  (Art.  305)  at  a  minimum.  Eddy 
currents  (Art.  504)  are  also  induced  in  the  iron  when  it  is  being 
rotated  in  the  magnetic  field.  Hence,  cores  should  not  be  solid 
but  should  be  built  up  or  laminated.  The  cores  are  composed 
of  sheet-iron  laminations  called  armature-core  punchings.  To 
maintain   the   core   temperature   at   a   minimum,    ventilating 
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spaces  or  ducts  (Fig.  305)  are  provided  at  certain  locations 
between  laminations.  Such  ducts  are  always  provided  in  the 
cores  of  large  generators  and  frequently  in  those  of  small  ones. 
The  arms  of  the  armature  spider,  when  it  is  rotated,  act  like 
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Fio.  305. — lUustrating  armature  punching  in  armature  construction. 

blades  of  a  ventilating  fan  and  force  cooling  air  currents  through 
the  ducts  and  around  the  conductors. 

670.  Armature-core  Punchings  are  illustrated  in  Figs.  305 
and  306.  These  punchings  comprise  the  laminations  of  which 
the  core  is  assembled.    For  generators  of  the  smaller  capacities 

each  punching  is  a  suitably  per- 
forated, toothed  disc  as  shown  in 
Fig.  305,7.  Cores  for  the  larger 
machines  are  assembled  from  seg- 
mental punchings  as  shown  in  Fig. 
306.  Slots  of  suitable  size  are 
provided  in  the  punchings  for  the 
accommodation  of  the  armature 
winding  or  inductors. 

671.  Drum-wound  and  Ring- 
wound  Armatures  are  illustrated 
diagrammatically    in    Fig.    307. 
FiQ.  ^^'-^^^"^IJ^^  built  up  These  comprise  the  two  classes 

into  which  armatures  may  be 
divided  as  regards  disposition  of  the  winding.  A  drum-wound 
armature  is  one  the  inductors  of  which  lie  wholly  on  or  in  slots  in 
its  cylindrical  surface;  the  inductors  do  not  pass  through  the 
interior  of  the  rings.  A  ring-wound  armature  is  one  the  coils  of 
which  are  wound  around  the  rim  of  a  ring-shaped  iron  core. 
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Note  that  armatures  may  be  classified  into  open-coil  and  closed-coil 
as  regards  the  interconnection  of  the  coils,  as  indicated  in  Art.  567,  and  also 
into  drum-wound  and  ring-wound  as  above  as  regards  the  disposition  of  the 
winding  on  the  armature  core. 

In  eflfect,  a  ring  winding  constitutes  a  continuous  helix  wound 
around  the  armature  core,  as  shown  in  Fig.  308.  Ring  windings 
are  seldom  if  ever  used  for  the  armatures  of  modern  generators. 


I -Drum  Wound 


n- Ring  Wound 


Fig.  307. — Diagrammatic  illustratioDs  of  drum-wound  and  ring-wound 

armatures. 

672.  The  Principle  of  Operation  of  Both  Drum-  and  Ring- 
wound  Armatures  Is  the  Same  but  since  the  ring-wound  type  is 
now  seldom  used  most  of  the  treatment  herein  will  relate  speci- 
fically to  drum-wound  armatures.  Note  that,  while  with  drum- 
wound  armatures  both  sides  of  each  loop  or  coil  cut  flux,  with 


>  Inductors    .^ 


I -Closed  Coll 


n- Open  Coil 
Fig.  308. — Diagrams  of  ring-wound  armatures,  closed-coil  and  open-coil. 

ring-wound  armatures  only  one  side  cuts  flux;  the  other  side  of 
each  coil  lies  within  the  ring  where  there  is  practically  no  flux. 

673.  The  Disadvantages  of  the  Ring  Winding  are :  (1)  It  is 
necessary  in  making  a  ring  winding  to  thread  the  winding  con- 
ductor through  the  space  within  the  hollow-cylinder  core  which 
necessitates  bending  the  conductor  back  and  forth.  Thus  the 
coils  must  be  wound  on  the  core  by  hand.  (2)  Because  of  this 
bending  it  is  very  difficult  to  form  large  conductors  into  a  ring 
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winding.  (3)  The  insulation  on  the  conductors  is  likely  to  be 
injured  by  the  bending  process  hence  insulation  must,  in  such 
cases,  be  placed  on  the  coils  while  they  are  being  wound.  (4) 
It  is  difficult  to  secure  ring-wound  coils  securely  in  their  positions. 
(5)  Only  half,  approximately,  of  the  length  of  wire  wound  on  the 
armature  is  effective  for  cutting  flux,  thus  making  the  armature 
resistance  greater  than  for  an  equivalent  drum-wound  armature. 


Cc^per  Conductors 
Jnsulafion       ^yTape  Wrappinof 


For  Two-Circuif 
orWaveWin€nng\ 


For  Multiple  or 
Lap  Winding) 


"^(ror  Multiple  or  Lap  mndin^)  "  "^''^'^  iVraepins^^' 

I  -  Large  Coil  n  -  Small  Coils 

Fig.  309. — Form- wound  armature  coils  for  large  and  smaU  generators. 


574.  The  Advantages  of  Drum-windings  are:  (1)  The  coils 
may  be  form-wound  (Fig.  309),  that  is,  since  all  of  the  coils  for  a 
given  armature  are  of  the  same  shape  and  size  they  may  be  wound 
on  forms.  •  In  some  cases  these  form-wound  coils  may  be  made 
with  automatic  machinery.  The  resulting  economy  in  cost  is 
obvious.     (2)  Conductors  of  any  reasonable  size  may  be  made 


Laminated  Armature  Core 
5t7aft 


Ventilating  Ducts 


Fio.  310. — A  drum-wound  armature  with  a  portion  of  its  form-wound  coils  in 

position. 

up  into  form-wound  coils.  (3)  The  form-wound  coils  can  be 
readily  placed  and  firmly  secured  in  the  armature-core  slots 
prepared  for  their  reception. 

575.  The  Process  of  Making  a  Form-wound  Coil  Is  as  Follows. 
— The  conductors  which  are  wires  or  bars  covered  with  a  thin 
insulation,  such  as  a  winding  of  cotton,  are  first  wound  on  a 
form  into  a  coil  of  the  contour  and  size  required.    They  are 
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then  wrapped  with  insulating  tapes,  heated  to  eliminate  moisture 
and  impregnated  with  some  waterproof  insulating  compound. 


Vcntilafinq  Wooden  l¥edqe,   ^,  ^ 


Part  of  Laminafed Armature  Core 

FiQ.  311. — Portion  of  a  drum- wound  armature  for  a  large  generator  showing 
inductors  in  position  in  slot. 

576.  In  Winding  an  Armature  with  Form-wound  Coils,  the 
coils  are  all  placed  in  their  proper  positions  in  the  slots,  Fig. 
310,  and  are  held  in  place  therein  with  wedges  of  fiber,  wood  or 


V^nhfattn^  OyCts 


Fio.  312. — A  completed  armature  for  a  direct-current  generator  of  medium 

capacity. 

similar  tough  insulating  material  as  shown  in  Fig.  311.  Servings 
of  steel  wire  wound  into  banding  (Fig.  312)  are  usually  also  placed 
around  the  armatures  to  further  secure  the  winding  in  place. 


SECTION  32 

ARMATURE  REACTION,  COMMUTATORS,  AND 
COMMUTATION 

577.  Commutators  in  Practical  Generators  always  have  a 
number,  sometimes  a  great  number,  of  bariJ.  It  is  abnost  obvious 
from  a  consideration  of  Figs.  299  and  313  that  as  the  number 
of  coils  in  an  armature  is  increased  the  number  of  commutator 
segments  must  be  proportionately  increased. 


Direction  of 
Rofafion.. 


jTront  Cohnecfions 


Rear  Connecfions 


Fig.  313. — Diagram  showing  part  of  a  direct-current  armature  winding  in 
position  on  an  armature.  Verify  the  e.m.f .  directions  shown  by  applying  the  right- 
hand  rule. 

678.  Commutator  Construction. — The  function  of  a  com- 
mutator and  its  elementary  construction  are  described  in  Art. 
529.  Actual  commutators,  though  simple  in  principle,  are  very 
difficult  to  construct  properly.  The  commutator  is  the  weakest 
member  both  mechanically  and  electrically  of  any  direct-current 
generator.  The  great  majority  of  diflSculties  encountered  with 
direct-current  machines  are  ^^commutation  troubles.''  The  forged 
copper  segments  (Fig.  314, 1)  are  assembled  into  a  cyUnder  on  a 
sleeve  or  spider  (Fig.  315)  each  copper  segment  being  insulated 
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from  its  neighbor  by  a  thin  segment  of  mica.  The  segments  are 
also  insulated  from  the  iron  or  steel  member  which  carries 
them  with  mica  sleeves  and  rings.     The  wedge  rings  (Fig.  315) 


Clamping  f^'rt^,^ 


N0CK 


I '  Segment 


II*Commutator 


Fig.  314. — Commutator  segment  and  assembled  commutator. 

when  tightened  by  the  turning  of  a  clamping  ring  or  the  drawing 
up  of  clamping  bolts  bind  the  segments  securely  in  position. 
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Fig.  315. — Sectional  views  illxistrating  typical  construction  of  a  small  and  a  large 

commutator. 


The  commutator  having  been  thus  assembled  it  is  mounted  in  a 
lathe  and  its  surface  machined  into  a  perfect  cylinder. 

679.  Brushes  for  most  generators  are  blocks  of  carbon  or 
graphite.    Brushes  made  of  packs  of  copper  gauze  or  copper  wire 
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are  sometimes  used  for  certain  low-voltage,  high-current  elec- 
trolytic generators.  Graphite  is  a  suitable  material  because  it 
is  in  a  measure  self-lubricating  and  has  a  relatively  high  resistance 
which,  if  the  brushes  are  suitably  proportioned,  tends  to  minimize 
sparking  between  the  brushes  and  the  conmiutator  (Art.  588). 

Brush  holders  (Fig.  316)  are  used 
to  hold  the  brushes  in  correct 
position  in  relation  to  the  com- 
mutator. Adjustable  tension 
springs  are  provided  whereby  the 
brush  pressure  against  the  com- 
mutator may  be  regulated.  The 
brush  holders  are  mounted  on 
brush-holder  studs  which,  in 
turn,  are  mounted  on  a  rocker 
frame.  The  rocker  frame  is  so 
arranged  that  it  may  be  rotated 
through  a  small  arc  and  permits 
rotating  of  the  brush-holder  studs,  brush  holders  and  brushes 
as  a  unit  to  different  positions  (within  the  limited  range)  around 
the  conmiutator.  Where  the  brushes  must  carry  a  large  current, 
a  number  are  arranged  side  by  side  on  one  stud.     It  is  seldom. 


Brvsff  fiffa/itf 
Stud 

Fig.  316. — Bnish  and  bnish  holder  of 
modern  generator. 
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Fio.  317. — niustrating  how  the  e.m.fs.  induced  in  the  different  coils  of  a  bi-polar 
generator  armature  combine  to  produce  the  brush  voltage. 


except  for  the  very  smallest  generator,  that  any  one  brush-holder 
stud  carries  less  than  two  brushes.  The  grade  of  graphite  and 
the  proportions  for  the  brushes  for  a  given  machine  is  in  design 
a  matter  of  considerable  importance. 

580.  How  the  Voltages  Induced  in  the  Different  Coils  of  an 
Armature  Combine  to  Produce  the  Brush  Voltage  is  indicated  in 
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Fig.  317.  While  this  illustration  shows  the  armature  of  a  ring- 
i^ound  machine,  the  principle  involved  is  the  same  in  the  arma- 
tures of  all  machines.  In  every  case  it  will  be  found  that  an 
armature  winding  consists  essentially  of  a  number  of  turns  or 
loops  of  flux-cutting  conductors  connecting  between  the  brushes 
of  the  machine.  (The  conductors  of  a  wave  winding  (Art.  598) 
do  not  form  closed  loops  but  the  electrical  effects  are  practically 
the  same  as  if  the  loops  were  closed.)  Also,  it  will  be  found  that 
the  e.m.fs.  induced  in  the  different  coils  or  loops  combine  in 
every  case  in  about  the  manner  to  be  described: 

Example. — ^Assume  that  the  armature  of  Fig.  317,7  is  rotated  at  a  uni- 
form speed  in  the  clockwise  direction  shown.  The  outside  parts  of  the  coils 
will  cut  flux  and  induce  e.m.fs.  in  the  directions  indicated  by  the  dotted 
arrows.  (Check  the  e.m.f.  directions  by  applying  the  hand  rule  of  Art.  513.) 
It  is  assumed  that  the  field  is  uniform.  Then  the  e.m.f.  induced  in  any 
inductor  at  a  given  instant  will  be  proportional  to  the  sine  of  the  angle 
through  which  that  inductor  has  been  rotated  from  the  neutral  position 
(Art.  518). 

Assume  that  the  e.m.f.  induced  in  the  coils  A  at  the  instant  shown  is  1.9 
voUs,  Then  the  e.m.fs.  induced  at  this  instant  in  the  other  coils  will  be 
about:  B  =  1.7  volts,  C  =  1.1  volU.  D  =  0.4  voUs.  The  e.m.f.  impressed 
on  the  brushes  will  be  the  sum  of  the  e.m.fs.  induced  in  the  separate  coils, 
that  is:  1.9  +  1.9  +  1.7  +  1.7  +  1.1  +  1.1  +  0.4  +  0.4  =  10.2  volts.  The 
opposite  group  of  coils  around  the  right-hand  half  of  the  armature  will 
obviously  impress  10.2  volts  also  on  the  brushes.  With  the  conditions  given, 
as  the  rotation  of  the  armature  is  continued  the  pressure  of  about  10.2 
volts  will  be  constantly  impressed  on  the  brushes  and  external  circuit. 

Primary  cells,  16  in  number,  (Fig.  317,77)  of  the  different  voltages  shown 
(if  it  were  feasible  to  obtain  cells  of  these  different  voltages)  might  be  so 
connected  as  to  impress  10.2  volts  on  an  external  circuit.  This  diagram 
may  assist  the  reader  to  understand  what  is  occurring  in  the  armature. 

Since  the  two  groups  of  coils  (that  to  the  left  and  that  to  the  right 
of  the  brushes)  are  in  parallel  and  each  has  the  same  resistance,  half  of  the 
current  that  the  generator  impels  in  any  external  circuit  connected  to  it 
will  flow  in  each  of  the  groups.  Half  will  take  the  route  NAP  and  the  other 
route  NXP.  If  the  current  in  the  external  circuit  is  12  amp.,  6  amp.  will 
flow  in  NAP  and  6  amp.  in  NXP.  A  similar  situation  would  obtain  if 
the  battery  at  77  impelled  current  in  an  external  circuit.  Half  would  pass 
in  the  route  nap  and  half  in  the  route  nxp. 

In  Fig.  328  are  illustrated  the  conditions  described  above  as  they  occur  in 
the  armature  of  a  multipolar  generator. 

Note. — In  the  diagram  of  Fig.  317,7  there  is  only  one  turn  of  the  wind- 
ing connected  between  adjacent  commutator  segments.  However,  in  prac- 
tical generators  there  are  several  turns  of  a  coil  in  series  between  adjacent 
segments. 
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681.  The  Neutral  Plane  (Fig.  318,JJ  and  Fig.  319)  through 
an  armature  is  that  plane  at  which  the  e.m.f.  induced  in  the 
inductors  is  zero,  because  at  this  plane  the  inductors  move  parallel 
to  the  flux  and  hence  do  not  cut  it.  The  normal  neutral  plane 
(Fig.  319)  is  the  plane  which  is  the  neutral  one  when  there  is  no 
current  in  the  armature  inductors;  this  plane  lies  midway 
between  the  adjacent  poles  of  opposite  polarity. 

682.  The  Commutating  Plane  is  that  imaginary  plane,  passing 
longitudinally  through  the  armature  and  brushes,  at  which  com- 
mutation occurs.  The  conmiutating  plane  may  not  coincide 
with  the  neutral  plane,  because,  as  described  in  Art.  589,  it  may 
be  necessary  (in  the  case  of  a  generator   as  will  be  hereinafter 
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Fig.  318. — Showing  the  two  fields  which  cause  armature  reaction  and  field 
distortion  (generator). 

shown)  to  shift  the  brushes  ahead  (in  the  direction  of  rotation) 
of  the  neutral  plane  in  order  to  insure  sparkless  commutation. 

583.  Armature  Reaction  is  the  reactive  magnetic  influence 
produced  by  the  current  in  the  armature  of  a  generator  or  motor, 
which  is  under  load,  on  the  magnetic  circuit  of  the  machine. 
Armature  reaction  is  the  cause  of  the  phenomon  called  field 
distortion.  How  it  is  that  armature  reaction  and  field  distortion 
occur  in  generators  will  be  explained : 

Explanation. — Consider  a  portion  of  the  magnetic  circuit  of  a  bipolar, 
direct-current  generator,  having  a  drum-wound  armature  with  12  coils,  as 
shown  in  Fig.  318.  The  illustration  delineates  a  cross-sectional  view  of  the 
armature  and  parts  of  the  pole  pieces.  With  the  fields  excited  and  the 
armature  circuit  open  at  the  brushes  so  that  no  current  can  flow  in  it,  the 
direction  of  the  flux  will  be  straight  across  from  pole  to  pole  as  at  /  and 
the  field  will  be  practically  uniform.  The  conditions  just  stated  will  obtain 
whether  the  armature  is  in  rotation  or  not. 
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Now  assume  that  the  armature  of  /  is  rotated  in  the  counterclockwise 
direction  shown.  Its  inductors  will  cut  flux  and  e.m.fs.  will  be  induced  in 
them  in  the  directions  indicated  (hand  rule,  Art.  427).  To  the  right  of  the 
neutral  plane  (Art.  581),  the  e.m.f.  in  each  inductor  will  be  in  as  suggested 
by  the  crosses  (Fig.  124)  in  the  ends  of  the  inductors.  To  the  left  of  the 
neutral  plane  the  e.m.fs.  will  be  out  as  shown  by  the  dots.  Since  the  e.m.f. 
induced  in  the  inductors  at  the  neutral  plane  is  zero  (0),  the  brushes  should 
be  set  at  this  plane  as  shown.  Note  that  the  field  of  7  is  now  (while  an 
e.m.f.  is  being  induced  in  the  armature  but  while  there  is  no  current  in  the 
armature)  uniform — there  is  no  field  distortion. 

Now  assume  that  the  armature  circuit  be  closed  through  an  external 
circuit.  Then,  the  e.m.f.  of  the  armature  will  impel  a  current  through  the 
external  circuit  and  armature  inductors.  This  current  of  itself  will  produce 
a  field  or  flux  in  the  direction  shown  at  //.  This  illustration  of  II  shows 
only  the  flux  produced  by  the  armature  current;  it  does  not  show  the  flux 
produced  by  the  field-coil  current.     The  condition  shown  at  II  could  be 
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Fig.  319. — Field  distortion  caused  by  armature  reaction  (generator). 


reproduced  in  an  actual  machine  by  opening  the  field  circuit,  thereby  kill- 
ing" the  main  field,  and  impressing  some  external  source  of  e.m.f.  across  the 
brushes  which  would  create  a  current,  in  the  proper  direction,  in  the  armature, 
which  should  be  held  stationary.  It  is  apparent  then  that,  when  a  generator 
is  in  operation,  there  are  two  fields  which  tend  to  react  on  its  armature 
One,  due  to  the  field-coil  current,  has  a  direction  between  the  two  poles  as 
at  Fig.  318,  7.  The  other,  due  to  current  in  the  armature  inductors,  has 
a  direction,  almost  at  right  angles  to  the  first  as  shown  at  //.  In  an 
operating  generator — one  impelling  a  current — ^the  effects  of  these  two  fields 
are  simultaneous  and  superimposed.  They  combine  to  produce  a  distorted 
field  as  shown  in  Fig.  319.  The  flux  across  the  air  gap  in  the  pole  pieces 
and  armature  core  is  now  no  longer  uniform  but  becomes  dense  toward  the 
toes  of  the  pole  shoes  in  the  direction  of  rotation.  Furthermore,  the  neutral 
plane  is  no  longer  coincident  with  the  normal  neutral  plane  but  is  shifted 
through  some  angle  as  A,  Fig.  319,7/7,  in  the  direction  of  rotation.  The 
field-coil-current  field  is  usually  much  stronger  than  the  armature-current 
field  as  shown  graphically  in  IV. 
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Observe  that  with  no  current  in  the  armature  circuit,  the  neutral  plane 
coincides  with  normal  neutral  plane,  as  at  7.  But,  wUh  current  in  the  arma- 
ture inductors,  the  neutral  plane  will  shift,  in  the  direction  of  rotation  as  at 
///.  The  greater  the  armature  current,  the  greater  will  be  the  effect  of 
armature  magnetization  (II)  and  the  greater  will  be  the  shifting  of  the  neutral 

plane.     This  means:   The  greater  the 
7f}rBo/f  farLffff>fff         load  on  a  generalor  the  greater  is  the 
armature  reaction. 


Fig.  320. — Field    structure   of 
mutating-pole  machine. 


584.  The  Effects  of  Armature 
Reaction  May  be  Minimized  by 
providing  a  magnetic  circuit — 
air  gap  and  pole  pieces — of 
suitable  design.  Pole  pieces  of 
special  forms  and  construction 
are  sometimes  used  for  the  pur- 
pose. A  description  of  the 
methods  involved  would  require 

Commutating  poles  (sometimes  / 


more  space  than  is  here  available, 
called  interpoles  or  auxiliary  poles.  Figs.  320,  321  and  322)  pro- 
vide the  most  eflfective  means  of  eliminating  the  eflfects  of  arma- 
ture reaction  and  are  used  in  the  best,  modern  direct-current 
machines.    See  following  note. 
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Fig.  321. — Arrangement  of  main-pole  and  *'interpole"  windings  in  a  commutat- 
ing-pole  generator. 


Note. — Commutating  poles  are  small  auxiliary  poles  mounted  between  the 
main  poles.  They  are  so  connected  that  the  armature  or  line  current — or  a 
certain  definite  proportion  of  it — circulates  in  their  windings.  These 
windings  are  so  proportioned  that  they  produce  a  magnetic  field  in  the  air 
gap  and  in  the  armature  core  which  is  always  of  somewhat  greater  strength 
than  that  which  the  armature  current  (Fig.  323,  F)  tends  to  produce. 
As  the  line  current,  and  hence  tendency  toward  armature  reaction  increases, 
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the  strength  of  the  commutating  poles  increases  also.  Furthermore,  the 
commutating-pole  coils  are  so  wound  that  their  field  opposes  the  armature- 
current  field  (see  Fig.  322).     Thereby  the  armature-current  field  is  neutral- 
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Fig.  322. — lUustrating  the  principle  of  the  commutatiDg  pole. 

ized.  Since  it  is  the  field  due  to  the  armature  current  which  causes  arma- 
ture reaction  (Art.  583),  this  neutralization  of  it  eliminates  the  possibility 
of  armature  reaction  or  field  distortion. 
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Fig.  323. — (V)  Effect  of  shifting  brushes  and  (VI)  lead  and  lag  angles 
generator. 

There  is  another  effect  of  armature  reaction  that  should  be 
understood :  When  the  field  becomes  distorted,  due  to  armature 
current,  as  in  Fig.  3 19,  J  J/,  the  brushes  should  be  shifted  to 
some  position  (shown  in  Fig.  323,  F)  so  that  they  will  lie  in  the 
neutral    plane.     The    magnitude  of  the  angle  A    (Fig.   323), 
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through  which  the  brushes  should  be  shifted,  will  depend  on  the 
amount  of  armature  reaction.  But  when  the  brush  position  is 
thus  changed,  the  direction  o'f  the  current  in  the  inductors 
included  within  angle  A  will  be  reversed  as  shown  in  V.  This 
will  alter  the  direction  of  the  magnetization  of  the  core  due  to 
the  armature  current,  from  that  of  //,  Fig.  318,  to  that  of  F, 
Fig.  323.  The  result  is  a  further  distortion  and  weakening  of 
the  resultant  field  (combination  of  the  field-current  and  the 
armature-current  ^elds)  of  the  machine. 

585.  The  Angle  of  Lead  and  Angle  of  Lag,  as  these  terms  apply 
to  the  brush  positions  in  direct-current  machines,  are  illustrated 
in  Fig.  323,  V/.  The  angle  of  lead  is  the  angle  (Aa,  Fig.  323,  V/) 
through  which  the  brushes  of  a  generator  must  be  shifted  ahead 
(in  the  direction  of  rotation)  of  the  normal  neutral  plane  so  as  to 
lie  in  the  commutating  plane.  The  angle  of  lag  is  the  angle  (Am) 
through  which  the  brushes  of  a  motor  (Art.  640)  must  be  shifted 
behind  (against  the  direction  of  rotation)  the  normal  neutral 
plane  so  as  to  lie  in  the  commutating  plane. 

Note. — ^The  terms  "angle  of  lead''  and  "angle  of  lag"  as  above  defined 
have  no  connection  with  the  same  terms  as  used  in  alternating-circuit 
terminology. 

686.  Cross  Ampere-tums  and  Back  Ampere-tums. — The 
conductors  included  in  the  double  angle  B  (Fig.  323,77),  which 
is  the  sum  of  the  lag  angle  and  the  lead  angle,  are  sometimes 
called  the  "back  turns"  and  their  magnetizing  eflfect  is  called 
demagnetizing  ampere-tums.  These  terms  are  applied  because 
the  turns  within  angle  B  may  be  considered  ^s  being  in  series 
with  those  of  angle  B',  forming  a  complete  helix  around  the 
armature  core.  Their  effect  is  opposed  to  and  tends  to  weaken 
that  of  the  field  coils  of  the  machine.  The  turns  not  included 
in  the  lag  and  lead  angles  may  similarly  be  called  the  "cross 
turns'*  and  their  effect  cross-magnetizing  ampere-turns.  They 
tend  to  set  up  a  field  at  right  angles  to  the  main  field. 

587.  The  Process  of  Ideal  Commutation  is  illustrated  in 
Figs.  324,  325  and  326.  The  armature  conductors  of  any  direct- 
current  machine,  in  effect,  constitute  loops  or  coils  between 
the  commutator  bars.  Therefore,  the  process  of  conmiutation 
may  be  examined  by  considering  the  diagram.  Fig.  324,  which 
shows  part  of  a  direct-current-generator  armature,  commutator 
and  field  stripped  of  the  non-essentials.  See  Art.  529,  which 
defines  conmiutation. 
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Explanation. — The  armature  (Figs.  324  to  326)  is  being  rotated  at  a 
uniform  speed  in  the  clockwise  direction  shown.  Each  coU  of  the  armature 
is  marked  in  a  different  way  to  facilitate  ready  identification.  The  brush 
is  on  the  neutral  plane  and  it  is  located  inside  of  the  commutator  to  simplify 
the  diagrams.  What  occurs  when  coil  C — the  white  one — ^passes  through 
the  commutating  plane  will  be  considered.  The  current  directions  are  as 
indicated  by  the  small  arrows. 

At  the  instant  of  diagram  I,  the  brush  bears  on  segment  3.  The  currents 
in  the  left-hand  half  and  that  in  the  right-hand  half  of  the  armature  meet 
at  this  segment  (Art.  580),  combine  and  flow  through  the  brush  out  into  the 
external  circuit. 

At  the  instant  of  II  the  armature  has  been  rotated  far  enough  so  that 
segment  2  just  contacts  with  the  brush.  Segment  3  is  also  in  contact  with 
it.  Now,  a  small  part  of  the  current  from  B  flows  directly  into  segment  2, 
through  the  brush  and  into  the  external  circuit.  Only  a  small  part  flows 
from  B  directly  into  2  because  the  area  of  the  brush  contacting  with  2  is 
small.     Most  of  the  current  from  B  flows  via  coil  C,  through  3  and  the  brush 
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I -First  Position 
Fio.  324. — Final  conditions  in  process  of  commutation. 


H' Second  Position 


into  the  external  circuit,  because  the  area  of  brush  in  contact  with  3  is  rela- 
tively great.  (The  contact  resistance.  Art.  156,  between  the  brush  and  a 
segment  on  which  it  bears  will  be  inversely  proportional  to  the  area  in  con- 
tact.) Also,  as  in  /,  one-half  of  the  total  current  through  the  brush  flows 
from  D.  It  unites  with  the  portion  from  C  and  flows  through  3  and  out 
through  the  brush.  As  the  armature  is  rotated  further,  the  contact  re- 
sistance between  the  brush  and  2  decreases  while  that  between  the  brush 
and  3  increases.  The  currents  through  these  two  paths  are,  respectively, 
increased  and  decreased  correspondingly. 

At  the  instant  of  III  (Fig.  325),  the  brush  area  contacting  with  2  is  the 
same  as  that  bearing  on  3.  Hence,  half  of  the  current — that  from  B — 
flows  directly  out  through  2  to  the  brush  where  it  unites  with  the  other  half 
which  flows  from  D  through  3  to  the  brush.  The  coil  C  being  in  the  neutral 
plane  is  cutting  no  flux,  hence  the  e.m.f.  and  current  in  it  is  zero. 

At  the  instant  of  IV ,  the  armature  has  been  so  rotated  that  the  brush  is 
barely  in  contact  with  3.  The  brush  area  in  contact  with  2  is  much  greater 
than  that  in  contact  with  3.     Now  the  half  of  the  total  current  from  B 
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flows  directly  into  2  and  to  the  brush.  The  other  half  of  the  total  current 
flowing  from  D  divides,  the  smaller  portion  of  it  flowing  directly  to  3  and 
into  the  brush,  while  the  greater  portion  flows  from  D  through  C  and  2  to 
the  brush. 


m- Third  Ptjsihnn 
Fio.  325. — Initial  oonditions  in  the  prooess  of  oommutation, 
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At  the  instant  of  V  (Fig.  326)  the  brush  contacts  only  with  segment  2. 
Half  of  the  current  through  2  and  through  the  external  circuit  flows  from  C 
and  the  other  half  flows  from  B. 

The  important  fact  to  note  from  the  above  explanation  is 
that  the  current  direction  in  a  coil  reverses  as  it  undergoes  com- 
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V- Final  Position  ^'  Sparking 

FiQ.  326. — Intermediate  conditions  in  the  process  of  commutation. 

mutation.  For  example,  in  the  coil  C  of  Fig.  324,  /,  prior  to 
commutation,  the  current  direction  in  C  is  toward  the  right. 
At  Fig.  326,  F,  subsequent  to  commutation,  the  current  direc- 
tion is  toward  the  left.  The  ideal  process  as  above  described 
may  not  obtain  exactly  as  described  in  the  case  of  an  actual 
generator  for  reasons  outlined  in  the  following  article. 
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588.  Sparkiiig  During  Commutatioii  is  due  to  the  self-induc- 
tance (Art.  479)  of  the  armature  coils.  If  armature  coils  had 
no  inductance,  with  the  brushes  set  on  the  neutral  plane,  there 
should  be  no  sparking.  However,  armature  coils,  since  they  are 
wound  on  iron  cores,  do  have  considerable  inductance.  Also, 
since  armatures  revolve  so  rapidly  that  frequently  the  current 
in  a  coil  must  reverse  in  a  hundredth  of  a  second  and  since  they 
may  carry  very  large  currents,  the  counter  e.m.f.  of  self-induc- 
tion (Art.  464)  may  be  considerable.  How  this  produces  arcing 
or  sparking  at  the  conmiutator  will  be  described: 

Explanation. — In  an  ordinary  generator  the  current  in  the  coil  under 
commutation  must  reverse  during  the  short  interval  between  (Fig.  324) 
the  instant  before  the  brush  first  contacts  with  one  commutator  segment  of 
the  coil  (Fig.  324,7)  and  (2)  the  instant  at  which  the  brush  ceases  contacting 
with  the  other  segment  (Fig.  326,7).  At  the  instant  of  Fig.  325,77,  the 
current  should  be  reversed  in  direction  in  the  coil  C,  as  shown  in  the  dia- 
gram, because  this  coil  has  been  rotated  to  the  right  of  the  neutral  plane. 

Actually  in  an  ordinary  generator  the  current  wiU  not  be  wholly  reversed 
at  this  instant — the  instant  after  the  coil  has  been  rotated  beyond  the 
neutral  plane.  The  self-inductance  of  the  coil  tends  to  maintain  the  current 
in  it  in  its  original  direction.  The  consequence  is  that  at  the  instant 
pictured  at  77,  there  will  be  (in  actual  generators)  a  considerable  current 
circulating  through  the  short-circuit  path  constituted  by  the  coil  and  the 
brush,  in  a  direction  from  left  to  right  through  the  coil  C  (in  77)  and  from 
right  to  left  through  the  segment  3,  the  brush  and  segment  2.  The  current 
through  the  brush  tip  may  be  so  great  as  to  greatly  heat  or  fuse  the  edge  of 
the  segment  3  and  the  adjacent  edge  of  the  brush. 

This  short-circuit  current  still  flows  at  the  instant  when  the  armature 
has  been  turned  so  that  the  brush  has  ceased  contacting  with  3  (as  shown 
in  77)  and  is  wholly  contacting  with  2.  The  result  is  that  when  the  brush 
slides  from  3  to  2,  this  current  is  interrupted  with  an  air  gap  between  3  and 
the  brush  and  an  arc  or  spark  is  formed  as  shown  at  77.  Obviously,  such 
excessive  heating  and  arcing  may,  if  permitted  to  continue,  prove  very 
injurious  to  both  commutator  and  brushes.  ^ 

689.  Preventation  of  Sparking. — Obviously,  any  means  where- 
by the  counter  e.m.f.  of  self-induction  in  the  short-circuited  coil 
(Fig.  326,  V/)  is  neutralized  will  eliminate  sparking  at  the  com- 
mutator. The  common  method  of  accomplishing  this  is  to  move 
thB  brush  a  trifle  ahead  (in  the  direction  of  rotation  in  the  case 
of  a  generator)  of  the  neutral  plane  (Fig.  327)  so  that  the  coils 
as  they  reach  the  commutating  plane  can  cut  some  flux.  Then, 
commutation  will  not  occur  with  the  coils  as  they  successively 
lie  in  the  neutral  plane.  But  it  will  occur  with  the  coils  as  they 
pass  through  the  conmiutating  plane — a  location  ahead  of  the 
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neutral  plane — where  there  will  be  induced  in  them  an  e.m.f.  op- 
posite in  direction  to  the  counter  e.m.f.  of  self-induction  of  the 
coil.  The  e.m.f.  induced  in  the  coil  is  opposed  to  and  will  just 
neutralize  the  coimter  e.m.f. — ^if  the  brush  has  been  shifted  ahead 
the  right  distance.  The  brush  position  to  insure  the  least  spark- 
ing is  ascertained  by  trial.  Sparking  is  automaticjEtlly  eliminated 
in  conmiutating-pole  generators,  Art.  584  without  its  being  neces- 
sary to  shift  the  brushes. 

590.  Change  of  Brush  Position  with  Change  of  Load. — ^Arma- 
ture reaction  and  field  distortion  vary  with  change  in  load  (Art. 
583).  Therefore,  the  neutral  plane  shifts  as  the  load  on  the 
generator — the  current  in  its  armature — changes.  The  neutral 
plane  shifts  ahead  as  the  load  increases.    It  follows  that  the 

brushes  of  a  generator  (commu- 
tating-pole  generators,  Art.  584, 
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Fig.  327. — Showing  how  the  brushes 
of  a  generator  should  be  shifted  ahead 
of  the  neutral  plane  to  promote  spark- 
less  commutation. 


excepted)  should  be  shifted  ahead 
as  the  load  on  the  machine  in- 
creases so  that  the  sparking  will 
be  a  minimum.  The  brushes 
should  always  be  in  such  a  posi- 
tion that  the  coils,  at  the  instants 
when  they  successively  pass 
through  the  conunutating  plane, 
will  cut  enough  flux  to  neutralize 
their  counter  e.m.fs.  of  self-in- 
duction. 

Note. — In  all  well-designed  modem  non-commu tating-pole  generators 
little  shifting  of  the  brushes  is  necessary  with  change  of  load  because  the 
carbon  brushes  are  so  selected  and  proportioned  as  to  have  proper  resistance 
to  maintain  the  short-circuit  currents  in  them  at  a  minimum,  thus  minimiz- 
ing sparking. 

591.  In  Commutating-pole  Generators  It  Is  Not  Necessary  To 
Shift  the  Brushes  with  Changes  in  Load  to  Minimize  Sparkiiig 
at  the  Commutator. — As  suggested  in  the  preceding  article  shift- 
ing of  the  brushes  is  necessary  in  ordinary  generators  because  of 
changing  armature  reaction.  But  with  commutating-pole  ma- 
chines the  armature  reaction  eflfects  are  not  present.  Hence, 
with  these  machines  brush-shifting  is  not  necessary  or  desirable. 
The  best  brush  position  for  a  commutating-pole  machine  is 
determined  at  the  factory  where  it  is  manufactured  and  usually 
the  brushes  are  there  permanently  set  at  the  proper  position. 


SECTION  33 
MULTIPOLAR  DIRECT-CURRENT  GENERATORS 

692.  Multipolar  Generators. — The  term  is  defined  in  Art. 
551.  Multipolar  machines  have  certain  inherent  advantages. 
The  multipolar  construction  is  used  therefore  for  all  but  the  ma- 
chines of  the  smaller  capacities,  which  can  be  constructed  more 
economically  in  the  bipolar  type. 

593.  The  Magnetic  Circuit  and  Generation  of  e.mi.  in  Multi- 
polar Machines  is  illustrated  typically  in  Figs.  328  and  329 
which  indicate  a  four-pole  generator.  In  Fig.  328,1  is  suggested 
how  the  e.m.fs.  are  induced  in  the  different  armature  coils  which 


I  -  Ring- Wound  Armature  n- Battery  Anology 

Fia.  328. — Illustrating  how  the  e.m.fs.  induced  in  the  different  coils  of  a  mul- 
tipolar*generator^armature  combine  to  produce  the  brush  voltage. 

cut  the  flux  emanating  from  the  different  pole  pieces.  The  e.m.f . 
directions  shown  by  the  dotted  arrows  may  be  verified  by  apply- 
ing the  hand  rule  of  Arts.  427  and  513.  The  e.m.fs.  combine  to 
constitute  the  brush  e.m.f.  in  much  the  same  way  as  described  in 
Art.  580  in  connection  with  the  bipolar  machine  armature.  The 
battery  analogy  of  II  may  serve  to  better  illustrate  how  the 
e.m.fs.  of  the  different  coils  combine.  The  e.m.fs.  directed  from 
the  armature  coils  to  the  commutator  combine  at  two  locations 
and  those  directed  from  the  commutator  toward  the  coils  diverge 
at  two  other  locations.    Hence — with  a  four-pole  machine — four 
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brushes  must  be  used — two  of  them  positive  (+)  and  two  nega- 
tive (— ).  Except  with  machines  having  certain  seldom-used 
types  of  armature  windings  (Art.  601),  generators  always  have 
the  same  number  of  sets  of  brushes  as  they  have  poles.  The 
positive  and  the  negative  sets  of  brushes  are  suitably  intercon- 
nected and  connected  to  the  external  circuit  as  illustrated. 

594.  The  Economics  of  the  Multipolar  Design. — Multipolar 
machines  are,  in  general,  more  economical  in  constructive  mate- 
rial, largely  because  of  the  eflfective  distribution  of  flux  which  they 
provide,  than  are  those  of  the  bipolar  type.  Because  of  their 
greater  areas  of  exposed  surface  per  unit  output,  they  radiate  the 
heat  due  to  losses  more  effectively.    They  weigh  less  per  unit 


<  -  ■<  <     -  <  -  ,      . 

Fio.  329. — Magnetic  circuit  of  a  four-pole  generator. 

output.  However,  if  an  endeavor  is  made  to  construct  a  machine, 
of  a  given  output,  with  too  many  poles,  the  increased  cost  of 
manufacture  will  obviously  overbalance  the  saving  in  material. 
It  is  for  this  reason  that  the  smaller  machines  are  usually  made 
bipolar. 

595.  Smaller  Armature  Conductors  Usually  Feasible  with 
Generators  of  the  Multipolar  Type  (see  following  Note). — 
With  a  bipolar  generator  (Fig.  330,7),  each  armature  conductor 
(closed-coil  winding)  must  carry  one-half  the  Une  current. 
Obviously,  in  machines  of  considerable  power  the  line  current 
will  be  very  great,  which  would  necessitate  excessively  large 
armatinre-conductor  currents  in  large  bipolar  machines.     In  a 
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four-pole  machine  (Fig.  330,//)  the  line  current  passes  through 
the  armature  via  four  paths.  Hence,  in  a  four-pole  machine, 
the  armature-conductor  current  is  but  one-half  that  in  a  two- 
pole  machine  or  one-quarter  of  the  total  current.  There  are 
always  (except  as  detailed  in  the  following  Note)  as  many  arma- 
ture paths  as  there  are  poles.  It  is  evident  that  the  greater 
the  number  of  poles  a  machine  has,  the  smaller,  relatively,  may 
its  armature  conductors  be.  The  smaller  the  conductors — 
within  reasonable  limits — the  more  readily  are  they  wound  and 
handled.  Also,  the  greater  the  number  of  poles,  the  smaller  the 
current  through  each  set  of  brushes  which  facilitates  sparkless 
commutation. 

Note. — Machines  with  wave-wound  armatures  (Art.  601)  may  have  only 
two  paths  through  the  armature,  regardless  of  the  number  of  poles.     Hence 
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Fio.  330. — Showing  division  of  current  in  a  two-circuit  and  a  four-circuit 

armature. 

the  information  of  the  above  Article  may  not  apply  to  wave-wound  armature 
machines. 

596.  Lower  Peripheral  Speeds  Are  Possible  with  Multipolar 
Machines. — When  any  coil  of  a  bipolar  generator  has  been 
rotated  through  360  electrical  degrees,  it  has  also  passed  through 
360  actual  degrees.  But  when  any  coil  of  a  four-pole-generator 
(Fig.  328,1)  has  been  rotated  through  360  electrical  degrees,  it  has 
passed  only  from  A  to  B,  through  180  actual  degrees.  And  when 
a  coil  of  a  six-pole  generator  has  been  rotated  through  360  electrical 
degrees  (Angle  D,  Fig.  331)  it  has  passed  through  only  120  actual 
degrees.  It  follows  that,  with  the  same  flux  per  pole  and  a  given 
angular  velocity  or  rotational  speed,  a  multipolar  generator  will 
induce  a  higher  e.m.f.  than  will  a  bipolar  machine.  Further- 
more, with  the  same  flux  per  pole,  the  same  e.m.f.  may  be  in- 
duced with  lower  angular  velocities  in  multipolar  machines  than 
in  bipolar.     It  would  not  be  feasible  to  build  machines  of  ordi- 
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narily  high  voltage  and  of  large  capacity  in  the  bipolar  type. 
Then  armatures  would  necessarily  have  to  be  large  and  could  not 
be  safely  rotated  at  speeds  great  enough  to  induce,  in  a  bipolar 
field,  the  e.m.fs.  required.  Instead  of  increasing  the  speeds,  in 
the  large  machines  the  number  of  poles  is  increased,  which  is 
equivalent  to  increasing  the  flux. 
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697.  Armature  Windings  of  modern  machines  are  in  almost 
every  case  of  the  drum  type  (Art.  571)  hence  only  these  will  be 
discussed.  It  is  obvious  (see  Figs.  307  and  313)  that  the  e.m.f. 
in  one  side  of  a  drum-winding  coil  must  be  from  jroni  to  rear  at 
instants  when  the  e.m.f.  in  the  other  side  of  the  coil  is  from  rear 
to  front,  so  that  the  two  e.m.fs.  will  act  in  unison  and  combine 
instead  of  opposing  and  tending  to  neutraUze  one  another. 
It  follows  then  that  the  coils  on  a  drum-armature  core  must  be 
so  arranged  that  two  inductors  of 
any  coil  will  never  be  passing  under 
like  poles  at  the  same  instant.  The 
coil  sides  should  therefore  be  sepa- 
rated by  an  angle  {A,  Fig.  331) 
about  equal  to  the  angle  B  between 
pole  center  lines.  Angle  A  is  called 
the  angular  pitch  or  spread  of  the 
coils  or  the  winding  pitch.  Angle 
B  is  the  angular  pole  pitch.  The 
subject  of  armature  windings  is  an 
extensive  and  rather  involved  one, 
hence  only  the  essential  fundamen- 
tals can  be  discussed  herein. 

598.  Types  of  Windings,  Lap  and 
Wave  Windings. — There  are  many 
possible  types  of  windings  but  it  is 
seldom  that  any  but  the  lap  winding  (parallel  or  multiple  drum 
winding),  or  the  wave  winding  (two-circuit  series  drum  winding) 
are  used. 

The  Lap  Winding  is  ordinarily  used  for  all  direct-current  and  for  some 
alternating-current  armatures.  It  has  the  advantages  of  adaptability  and 
simplicity  but  is  not  readily  adapted  for  the  inducing  of  high  e.m.fs.  With 
it  there  are  always  as  many  studs  of  brushes — hence  current  paths  through 
the  armature — as  there  are  poles.  A  lap  winding  can  be  distinguished  from 
the  fact  that  the  rear  end  connections  "lap"  over  one  another  as  shown  by 
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Fio.  331. — Showing  "spread" 
or  ** winding  pitch"  of  a  drum- 
armature  coil. 
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the  black-line  coil  in  the  winding  development  of  Fig.  332.  Coils  for  lap 
windings  are  shown  in  Fig.  309.  With  a  lap  winding  there  are  always  as 
many  conducting  paths  as  there  are  poles. 
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FiQ.  332. — ^Lap  winding.     A  typical  winding  developed. 
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Fio.  333. — Wave  winding.     The  development  of  a  typical  winding. 

Thb  Wave  Winding  is  used  for  direct-current,  drum  armatures  where  a 
lap  winding  would  not  provide  a  sufficiently  high  e.m.f.  or  would  require 
an  excessive  number  of  fine-wire  turns  per  coil.    With  a  wave  winding  (Fig. 
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333}  only  two  brush  studs  are  necessary  but  more  up  to  a  number  equal  to 
the  number  of  poles  can  be  used.  There  are  always  only  two  circuits  in 
multiple  irrespective  of  the  number  of  poles.  This  type  of  winding  can  be 
distinguished  from  the  fact  that  the  rear-end  connections  form  geometric 
"  waves''  from  coil  to  coil  as  indicated  by  the  black-line  coil  in  Fig.  333.  A 
coil  for  a  wave  winding  is  shown  in  Fig.  309. 

599.  Developments  or  Diagrams  of  Armatures  Windings  may 

be  either  plane  developments  which  represent  the  winding  as  it 
would  appear  (Figs.  332  and  333)  if  it  were  unrolled  from  the 
core  and  laid  out  flat  on  a  plane  surface,  or  star  developments 
(Figs.  334  and  335)  which  deUneate  the  winding  somewhat  as  it 


I        D/recfio/r  of 
Hotafion'. 


Fio.  334. — ^Lap-winding  for  drum  armature  having  32  inductors  (16  coils). 

might  appear  if  it  were  possible  to  strip  it  from  the  core  and 
flatten  it  out  by  a  pressure,  applied  along  the  axis  (shaft)  of 
the  armature,  core.  A  plane  development  has  the  disadvantage 
that  it  does  not  show  the  armature-conductor  circuits  as  entirely 
closed.  In  the  star  development  this  disadvantage  is  corrected. 
600.  E.m.f.  and  Current  in  the  Lap  Winding  (Art.  598).— The 
plane  development  of  a  lap  winding  for  a  four-pole  generator  is 
shown  in  Fig.  332.  There  are  18  inductors  or  9  coils.  With 
the  direction  of  rotation  as  given,  the  e.m.f.  directions  will  be  as 
shown  (hand  rule,  Art.  427)  by  the  arrow  heads.     One  side  of 
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each  coil  is  under  a  N  pole  and  the  other  side  under  a  S  pole.  If 
the  winding  is  traced  out,  starting  at  inductor  1,  it  will  be  found 
that  all  of  the  inductors  are  in  series  and,  in  effect,  constitute  a 
closed  helix.  The  e.m.f .  directions  determine  the  brush  locations. 
Wherever  the  e.m.fs.  in  the  two  conductors  connecting  to  a  seg- 
ment are  directed  into  or  out  of  that  segment,  a  brush  should  be 
located  at  that  segment.  The  star  development  of  Fig.  334  shows 
a  lap  winding,  having  32  inductors  (16  coils),  for  a  four-pole 
machine.  The  e.m.f.  directions  will  be  as  shown  determining 
the  brush  locations  at  the  segments  indicated.    From  this  dia- 
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\      / 


Inductors 
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Fio.  335. — Wave  winding  for  a  drum  armature  having  30  inductors  (15  coils). 


gram  it  is  readily  apparent  that  there  are  as  many  current  routes 
through  the  armature  as  there  are  poles  (Art.  595). 

601.  E.m.f .  and  Current  in  a  Wave  Winding. — Consider  the  dia- 
grams of  Figs.  333  and  335.  The  directions  of  the  e.m.fs.  in  the 
inductors  (shown  by  the  arrow  heads)  directly  under  the  poles 
can  be  readily  determined  (hand  rule,  Art.  427)  and  those  in  the 
other  conductors  must  correspond.  Only  two  brushes  (Bi  and 
Bj,  Fig.  335)  are  necessary  but  brushes  may  be  and  are,  where  the 
total  current  is  large,  located  at  each  neutral  plane.  All  of  the 
conductors  are  in  series  and  there  are  really,  regardless  of  the 
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number  of  brushes  used,  only  two  current  paths  through  a  wave 
winding. 

Note. — ^Why  the  addition  of  two  more  brushes  bi  and  b»  at  the  neutral 
planes  in  Fig.  335  will  not  affect  the  situation  may  be  explained  thus:  The 
added  brush  &s  is,  at  the  instant  shown,  in  metallic  connection  with  Bt 
through  the  low-resistance  path  bifideB2  provided  by  this  armature  coil. 
The  effect  is  the  same  as  if  Bt  and  ht  were  the  same  brush.  Furthermore, 
&i  and  Bi  are  connected  directly  by  the  coil  hifghBiy  producing  a  similar  con- 
dition. The  generator  would  also  operate  as  well  if  &i  and  b%  were  provided 
and  Bi  and  Bt  omitted  as  when  only  Bi  and  Bt  are  used.  In  practice, 
where  only  two  brushes  are  used,  they  are  usually  located  above  the  hori- 
zontal diameter  of  the  commutator  in  which  position  they  will  be  most 
available. 


SECTION^36 

DIRECT-CURRENT-GENERATOR  VOLTAGES, 
RATINGS  AND  EFFICIENCIES 

602.  To  Compute  the  Voltage  Induced  in  the  Armature  of  a 
Bipolar,  Direct-current  Generator,  the  formula  shown  below 
can  be  used.  The  formula  has  already  been  given  (Art.  542) 
for  the  computation  of  the  e.m.f.  induced  in  any  rotating  coil. 
That  which  follows  is  merely  a  modification  of  the  rotating-coil 
one  to  specificially  adapt  it  to  the  armature  of  a  bipolar-frame 
machine.    The  formula  of  Art.  542  for  any  rotating  coil  is: 

_        0r  X  C  X  r  Tvolfji^ 

100,000,000X60  ^      ^ 

But  in  the  new  formula,  let  <f>p  =  flux  per  pole.  Also  let  Ct  — 
the  total  number  of  inductors  or  sides  of  coils  on  the  armature. 
Obviously,  in  a  two-pole  machine  0r  =  20p.  And,  in  a  two- 
pole  machine,  the  inductors  per  pole,  C  =  Cr  t-  2.  Then  sub- 
stituting these  new  symbols  in  the  above  equation: 

n  IR^     TT  sa  ^^^  ^  ^^  ^~ s  ^^  X  CtX  T  (^Tf^\fA\ 

Uio;   i3,       100,000,000  X  2  X  60      100,000,000,  X  60      ^      ^ 

Wherein  E  =  average  e.m.f.  induced  in  the  armature  of  any 
direct-current  bipolar  generator.  <t>p  =  total  useful  flux  or  lines 
of  force  per  pole.  Ct  =  total  number  of  inductors  or  sides  of 
coils  on  the  armature;  in  drum  armatures  Ct  is  equal  to  twice  the 
number  of  loops.     T  =  number  of  revolutions  per  minute. 

ExAMPLB. — ^What  average  e.m.f.  would  be  induced  in  the  loop  of  Kg.  273, 
if  it  were  rotated  at  the  rate  of  1,800  r.p.m.  and  the  flux  per  pole  was  400 
kilolines,  that  is  400,000  lines?  Solution. — Obviously  the  total  number  of 
inductors  is  2.     Now  substituting  in  the  formula  (118): 

j^       4^pXCtXT       400.000  X  2  X  1.800 

i0«"x  60   "  "     100,000,000  X  60     "  ^'^^  ^"' 

Ebc AMPLE. — The  armature  of  a  bipolar  generator  has  104  loops  on  its 
armature,  and  the  flux  per  pole  is  2,270,000  lines.  \\Tiat  e.mi.  wiU  be  in- 
duced in  its  armature  if  it  is  driven  at  the  rate  of  1,500  r.p.m. ?  Solution. — 

412 


Sec.  35]      DIRECT -CURRENT -GENERATOR  VOLTAGES  413 

If  the  number  of  loops  is  104  the  number  of  inductors  is  104  X  2  »  208. 
Now,  substitute  in  the  formula  (118): 

„      ^p  X  Cr  X  r  _  2,270,000  X  208  X  1,500 

^  *"      10«  X  60      "         100,000,000  X  60         "  ^^^  ^°*^' 

603.  To  Compute  the  E.m.f.  Induced  in  Any  Direct-cturent 
Generator  Armature  the  following  formula,  the  derivation  of 
which  follows  from  that  of  Art.  602,  can  be  used: 

Wherein  the  symbols  have  the  same  meanings  as  in  Art.  602, 
except :  P  =  the  number  of  field  poles,  m  =  the  number  of 
parallel  conducting  paths  between  the  positive  and  negative 
brush  sets;  that  is,  Cr  -r-  w  is  the  number  of  inductors  or  arma- 
ture conductors  in  series  between  positive  and  negative  brush  sets. 

Example. — A  four-pole,  lap-woimd  armature  has  200  inductors.  The 
flux  per  pole  is  3,000,000  lines.  It  is  rotated  at  the  rate  of  1,200  r.p.m. 
What  e.m.f.  is  induced  in  it?  Solution. — In  a  lap-woimd  armature  there 
are  as  many  conducting  paths  as  poles  (Art.  598).  Substitute  in  the  form- 
ula (119): 

IP      P  X  »p  XCtXT       4  X  3,000,000  X  200  X  1,200 

•^  "      10«  XQO  X  m      "        100,000,000  X  60  X  4         "  ^^"  ^^^^• 

EbcAMPLE. — ^The  armature  of  a  four-pole  generator  has  a  wave  winding 
and  comprises  200  inductors.  It  is  rotated  at  a  speed  of  1,200  r.p.m.  in  a 
field  of  3,000,000  lines  per  pole.  What  e.m.f.  is  induced  in  this  armature? 
Solution. — There  are  always  2  conducting  paths  through  a  wave  winding 
(Art.  598).     Substituting  in  the  formula  (119): 

V  -  PX<I*pX<^tXT  _  4  X  3,000,000  X  200  X  1,200  _ 

10«X60Xw      "         100,000,000X60X2         -  ^^0  volts. 

Note  that  the  e.m.f.  with  this  wave  or  two-circuit  series  winding  is  twice 
that  of  the  similar  generator  of  the  preceding  example  with  the  lap  winding. 

604.  Armature  Resistance  is  the  resistance  of  an  armature  as 
measured  between  brushes  of  opposite  polarity.  «  The  brush 
contact  resistance  (Art.  605)  is  not  included  in  "armature  resist- 
ance." The  conductors  of  an  armature  constitute  a  divided 
circuit  (Art.  197)  as  shown  in  Fig.  336.  Hence,  the  resistance  of 
an  armature  may  be  computed  by  treating  it  as  a  divided  circuit. 
In  an  armature  for  a  two-pole  generator  there  are  two  paths  in 
parallel.  In  the  armature  of  a  four-pole  generator  (lap  winding 
only)  there  are  four  paths  in  parallel  and  so  on. 
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£xAMFi<E. — If  a  coil  of  wire  AC  (Fig.  336,7)  having  a  resistance  of  1  ohm 
is  formed  into  a  winding  on  a  bipolar-machine  armature,  the  resistance  of 
each  of  the  two  paths  will  be:  1  -^  2  »  0.5  ohm.  Then  the  resistance  of 
these  two  paths  in  parallel — ^there  are  two  paths  in  parallel  through  a  bipolar- 
machine  armature — ^would  be:  0.5  -^  2  ^  0.25  ohm.  Hence  the  armature 
resistance  of  this  armature  is  0.25  ohm.  Similarly,  if  this  1  ohm  coil  is 
formed  into  the  winding  for  a  four-pole  armature  as  at  77,  the  ''armature 
resistance"  from  the  positive  brush  terminal  K  to  the  negative  brush  ter- 
minal L  would  be  0.063  ohm. 

Example. — If  the  "armature  resistance"  of  a  four-pole  generator  is  0.20 
ohm,  what  would  be  the  resistance  of  the  conductor  comprising  it  if  it  were 
in  one  continuous  length  (like  FJ,  Fig.  336,77)?  Solution. — Since  there 
are  four  paths  in  parallel  each  section  of  conductor  constituting  one  of  these 
paths  must  have  a  resistance  of:  0.20  X  4  »  0.80  ohm.  Then  these  four 
sections  if  arranged  in  series  would  have  a  resistance  of  0.80  X  4  »  3.2  ohrM. 

605.  Brush  Resistance  and  Brush-contact  Resistance    are 

always  present.     The  brush  resistance  is  the  resistance  of  the 

[<  - fOhm >j  he fOhm -™>t 


Armature — —  ^ 

Windi'nas  j  ^*^$?^^r5^^  i 

i  i  I  ^^:rr^  \ 
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I  -  Two  Arrndturc  Paths  n-  Four  ArmaturB  Paths 

Fio.  336. — Illustrating  the  term  "armature  resistance." 

brush  itself  and  obviously  varies  with  the  volume  and  shape  of 
brush  just  as  does  the  resistance  of  any  conductor.  Brush- 
contact  resistance  is  the  resistance  which  occurs  at  the  plane  of 
contact  between  brush  and  segment.  The  drop  in  voltage  due 
to  the  combined  effects  of  brush  and  brush-contact  resistance 
may  be  about  1  or  2  volts  in  average  machines  under  normal 
load. 

Example. — ^Experience  indicates  that  the  brush  resistance  and  brush-con- 
tact resistance  combined  will  vary  from  about  0.2  to  0.4  ohm  per  sq.  in.  of 
each  brush  contact.  The  resistance  varies  with  the  current  density  (Art. 
239)  through  the  brush  and  contact  and  with  the  circumferential  speed  of 
the  commutator. 

606,  Terminal  E.mi.    The  Brush  E.m.f .  of  a  Generator  is  the 

e.m.f.  that  the  machine  impresses  on  its  brushes  as  distinguished 
from  the  e.m.f.  induced  in  the  armature  which  is  the  armature 
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e.m.f.  The  brush  e.m.f.  may  differ  from  the  armature  e.m.f, 
due  to  I  X  R  drop  (Art.  134)  in  the  armature  winding.  When 
the  generator  is  not  carrying  load,  the  brush  e.m.f.  and  the 
armature  e.m.f.  will  be  practically  the  same.  The  terminal 
e.m.f,  is  that  which  the  machine  impresses  on  the  line.  In  a 
shunt-wound  generator  the  brush  e.m.f.  is  the  same  as  the  ter- 
minal e.m.f.  In  compound-  and  series-wound  machines  the 
terminal  e.m.f.  will  be  sUghtly  lower,  at  any  instant,  than  the 
brush  e.m.f.  because  of  IR  drop  in  the  series  windings. 

607.  The  E.m.f.   Impressed  on  an  External  Circuit  by  a 
Generator,  that  is,  the  terminal  e.m.f. j  is  the  same  as  that  induced 
only  when  there  is  no  current  in  the  armature,  that  is,  only  when  all 
external  paths  from  the  brushes  are  open.     When  there  is  a 
current  in  the  armature  there  will  always  be  an  internal  IR 
drop  (Art.  134)  in  voltage  in  it.     The  drop  is  due  to  the  armature 
resistance  (Art.  604)  and  the  brush  ^^^^    .  sr^^ondCo^* 
and  brush-contact  resistances  (Art.              -i-^-^n^^  ■  ^  ^'^f  ^"^ 
605).     Numerically  this  internal    .-  '—      _-JL  ^.J^      I 
drop,  in  volts,  will  be  equal  to     '         i^^^-^    [^^|^^ 
{current  in  amperes)  X  {ohms  arm-     \    >^       ,  ^Jj^qftT^  ^^jitf  i^ 
ature  resistance  +  ohms  brush  and      ^     ^  -^zSzijAfryji^       J 
brush-contact  resistance).     The              '^'^^^'^p^ f  ^%^^. ^^^""^ 
e.m.f.  unpressed  on  the  line  will 

be  smaller  than  the  induced  e.m.f.  Fio.  337.— Eflfect  of  Armature  resU- 
,.,  xrxT_'Tv^r>j  tance  on  terminal  e.m.f. 

by  the  amount  of  this  I  X  R  drop. 

Example.— Assume  the  armature  of  Fig.  337  to  be  that  of  the  1,500  r.p.m. 
bipolar  generator  above  (Art.  602).  Then  the  e.m.f.  induced  by  the  arma- 
ture is  118  volts.  If  the  armature  resistance  is  0.1  ohm  and  the  brush  and 
contact  resistance  for  each  brush  is  0.02  ohm,  what  will  be  the  terminal  e.m.f. 
with  a  current  of  60  amp.  in  the  armature?  Solution. — The  drop  in  the 
armature  will  be  0.1  ohm  X  60  amp.  =  6.0  volts.  The  drop  due  to  brush 
and  contact  resistance  will  be:  2  X  0.02  ohm  X  60  amp.  =  2.4  volts.  Then 
the  total  drop  is:  6.0  volts  +  2.4  volts  =  8.4  volts  .  Hence  the  terminal 
voltage  at  this  load  will  be:  118  volts  -  8.4  volts  =  109.6  volts. 

608.  The  Resistance  of  the  Entire  Circuit  Through  Which 
Its  E.m.f.  Impels  Current  Determiaes  the  Current  in  an  Arma- 
ture.—This  follows  from  Ohm's  law  (Art.  134  also  528).  The 
e.m.f.  induced  in  the  armature  forces  the  current  to  circulate. 
The  resistance  determines  the  rate  of  flow  or  amperes.  Consider 
an  example: 

Example. — The  armature  of  Fig.  338  is  inducing  an  e.m.f.  of  125  volts. 
It  is  impelling  a  current  through  a  circuit  comprising  the  following  compo- 
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nents:  (1)  Armature  winding,  0.04  ohm.  (2)  Two  brushes  and  contact 
surfaces,  0.03  ohm  each.  (3)  Two  line  wires,  1  ohm  each.  (4)  Incandes- 
cent lamp,  100  ohms.  What  is  the  current  in  the  circuit?  Solution. — 
The  total  resistance  in  circuit  is: 

Armature 0 .  04  ohm 

Two  brushes  @  0.03  ohm  each 0.06  ohm 

Two  line  wires  ®  1  ohm  each 2 .  00  ohms 

One  incandescent  lamp 100 .00  ohms 

Total  resistance  in  circuit 102 .  10  ohms 

Then  applying  Ohm's  law:  /  =  ^  -^  i?  =  125  volU  -5-  102.1  ohms  ==  1.22 
amji.f  which  is  the  current  /  in  the  armature,  line  wires  and  lamp. 

Example. — The  voltage  at  Vi  or  the  terminal  voltage  in  the  above 
problem,  would  be  the  induced  e.m.f .  less  the  armature  and  brush  resistance. 
IR  drops  or:  125  voUs  -  [1.22  amp.  X  (0.04  ohm  -f  0.06  ohm)\  =  125  voUs 
—  0.12  voUs  »  124.88  votU.     Hence  voltmeter  V\  should  read  124.88  volts. 

Example. — ^The  voltage  Vi  at  the  lamp  would  be  the  voltage  7i  less  the 
IR  drop  in  the  line  wires.  Or:  Vt  =  124.88  voUs  -  (1.22  amp.  X  2  ohms)  = 
124.88  voUs  -  2.44  voUs  =  122.44  volts.     Hence  Vt  would  read  122.44  volts. 
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FiQ.  338. — Illustrating^how  the  resistance  in  the  circuit  determines  the 
ourrentjn  the  armature  of  the  generator. 

609.  Capacity  of  a  Direct-current  Generator. — If  the  prime 
mover  driving  a  generator  has  ample  power,  the  current  which 
the  machine  will  impel  may  be  materially  increased  over  that 
for  which  the  machine  is  rated.  However,  such  overloading  is 
possible  only  to  a  certain  extent  because  the  capacity  of  a 
machine  is  Umited  by  one  or  all  of  three  considerations: 

1.  Excessive  Sp asking  at  the  commutator.  If  the  current  through  the 
brushes  is  much  greater  than  that  which  they  were  designed  to  carry,  they 
will  probably  spark  badly  and  they  may  '^flash  over,"  that  is,  an  arc  may 
form  between  brushes  of  opposite  polarity. 

2.  Excessive  Intebnal  Drop  or  excessive  I  X  R  voltage  drop  in  the 
armature.  Since  I  X  R  drop  in  the  armature  decreases  the  terminal  vol- 
tage of  the  generator,  if  the  armature  current  is  too  great,  the  voltage  which 
the  machine  impresses  onjts  line  terminals  will  become  so  low  that  it  will 
not  impel  a  sufficiently  large  current  through  the  devices  connected  to  the 
external  circuit  to  operate  them  properly;  the  speeds  of  the  motors  will  be- 
come too  low  and  the  incandescent  lamps  will  become  too  dim. 
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(3)  EzcEBBiVE  Heating. — ^The  heating  varies  directly  as  the  square  of 
the  current  (Art.  167).  If  the  current  in  a  machine  is  too  great,  its  con- 
ductors will  become  so  hot  that  their  insulations  will  be  injured  or  ''burnt 
out." 

Note. — PermUfibU  Temperature  Rises  in  Electrical  Machinery  are  deter- 
mined by  the  temperatures  the  insulating  materials  will  safely  withstand, 
since  the  other  materials  in  a  machine  are  metals  which  may  be  subjected  to 
very  high  temperatures  without  damage.  Ordinary  combustible  insulations 
such  as  silk,  cotton,  paper  and  the  like  should  never  be  subjected  to  tempera- 
tures greater  than  that  of  the  boiling  point  of  water — ^212  deg.  F.  or  100  deg. 
C.  Mica,  asbestos  and  the  non-combustible  materials  used  for  insulation 
may,  without  injury,  be  subjected  to  temperatures  as  great  as  257  deg.  F. 
(about  125  deg.  C). 

In  establishing  temperature-rise  ratings  for  electrical  machinery,  it  has 
been  arbitrarily  assumed  that  the  temperature  (Ambient  temperature)  in 
the  rooms  where  the  machinery  is  installed  will  be  104  deg.  F.  (40  deg.  C.).* 
This  gives  for  the  ordinary  combustible  installations,  with  the  conditions 
as  sUted,  a  permissible  rise  of:  212  -  104  »  108  deg,  F,  (60  deg.  C).  For 
the  non-combustible  insulating  materials  the  permissible  rise  is  257  —  104 
=  153  deg.  F.  (85  deg.  C). 

610.  The  Rating  of  a  Direct-current  Generator  is  the  kilowatts 
— power  (Art.  159) — load  that  the  machine  will  cany  continu- 
ously without  excessive  (1)  heatingy  (2)  sparking  or  (3)  internal 
voltage  drop,  Art.  607.  If  a  load  greater  than  that  for  which  it  is 
rated  is  imposed  on  a  machine  for  an  extended  period,  it  will 
probably  give  trouble,  due  to  one  of  the  three  above-mentioned 
causes.  Nearly  all  generators  are  so  designed  and  rated  that 
they  will  carry  some  overload  for  an  hour  or  so  without  injury. 
Every  constant-potential  (Art.  544),  direct-current  generator 
is  designed  to  maintain  practically  constant  some  certain  ter- 
minal voltage  when  operated  at  its  rated  speed.  It  follows  that 
the  current  circulated  by  the  machine  will  vary  directly  with  the 
kilowatts  load  on  the  machine — ^and  inversely  as  the  resistance 
of  the  external  circuit.  Because  of  the  electrical  losses  in  the 
machine — P  X  -B  (Art.  167),  eddy-current  (Art.  504)  and  hys- 
teresis losses  (Art.  303) — a  dynamo  always  generates  more  power 
than  it  deUvers  to  the  external  circuit;  see  efficiency,  Art.  176. 

ExAMPLS. — An  80-kw.,  220-volt,  1,800-r.p.m.  generator  is  one  which  will, 
when  its  armature  is  rotated  at  1,800  r.p.m.,  maintain  220  volts  at  its  line 
terminals  if  the  connected  load  does  not  greatly  exceed  80  kw.  This  means 
that  this  machine  can  continuously  and  satisfactorily  circulate  a  current 
of:  80,000  watts  -s-  220  volts  »  364  amp.  In  other  words  it  will  operate 
satisfactorily  when  impelling  current  in  an  external  circuit  having  a  resist- 
ance of  (iJ  =  ^  -5-  7  =  220  -^  364  =)  0.61  ohms  or  more. 

*  A.  I.  £.  E.  SUndardiiation  Rule  305,  December  28,  1916. 
27 
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611.  The  Losses  in  a  Direct-current  Generator — or  in  any 

generator — may  be  divided  into:  (1)  mechanical  losses  and  (2) 
electrical  losses.  Furthermore,  the  electrical  losses  may  be 
broadly  subdivided  into  iron  losses  and  copper  losses. 

1.  The  Mechanical  Losses  include  journal  or  hearing  friction^  hruah 
friction — ^the  friction  of  the  brushes  on  the  rotating  armature — and  vnndage. 
Windage  is  the  friction  of  the  rotating  armature  on  the  air  in  which  it  is 
moviag.  These  mechanical  losses  may  vary  with  the  speed  of  the  machine 
but  the  rotational  speed  of  a  constant-potential  generator  is  practically 
constant.  It  follows  that  mechanical  losses  are  practically  constant  at  all 
loads.  A  portion  of  the  power  input  to  the  machine  is  consimied  in  supply- 
ing these  losses  and  its  net  output  is  decreased  accordingly. 

2.  The  Electbical  Losses. — Under  iron  losses  may  be  grouped  the  hys- 
teresis (Art.  303)  and  eddy-current  (Art.  504)  losses  in  the  armature  and 
field  cores.  Under  copper  losses  may  be  grouped  the  I^  X  R  losses  (Art. 
167)  in  the  armature  and  field  windings,  the  eddy-current  losses  in  the  cop- 
per conductors  and  the  losses  in  the  controlling  rheostats.     Brush  contact 
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Fia.  339. — Illustrating  method  of  determining  the  efficiency  of  a  generator. 

(Art.  605)  I^  XR  loss  is  an  electrical  loss  and  is  sometimes  classed  in  with 
the  copper  losses.     Most  of  the  electrical  losses  increase  with  the  load. 

Note. — In  practical  testing  it  is  often  difficult  or  impossible  to  segregate 
the  iron  and  the  copper  losses. 

612.  Determination  of  the  Efficiency  of  a  Direct-current 
Generator. — Efficiency,  see  Art.  176,  is  the  ratio  of:  the  elec- 
triccU  power  delivered  by  the  generator  to  the  mechanical  power 
received  by  it.    Hence,  the  efficiency  of  a  generator  is  also: 

nom          7r/??w^^.  -  (Input) -(Losses)        _  Outpul 
(120)         Efwiency j^—^-         or  -   j^^^ 

Probably  the  most  convenient  method  of  determining  the 
efficiency  of  a  generator  consists  in  driving  the  generator  (Fig. 
339)  with  an  electric  motor  of  known  efficiency.  The  electrical 
power  output  of  the  generator  in  watts  can  be  readily  ascertained 
by  multiplying  the  current  and  voltage  readings  obtained  from 
an  ammeter  (/©)  and  a  voltmeter  (Eq)  connected  in  the  generator 
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circuit.  The  mechanical  power  input  to  the  generator  can  be 
found  by  measuring  the  electrical  input  to  the  driving  motor  (by 
multiplying  together  the  ammeter,  luf  and  voltmeter,  Em,  read- 
ings) and  then  multiplying  this  result  by  the  motor  efficiency 
at  this  load.  Their  product  will  be  the  electrical  input  to  the 
generator  in  watts,  it  being  assumed  that  the  belt  losses  are 
negligible  which  they  usually  are  in  practical  work.  The  effi- 
ciency will  be  the  ratio  of  the  watts  output  to  the  watts  inptU. 

Examples. — Large  generators  have  higher  efiGiciencies  than  small  ones  and 
the  efficiency  of  any  generator  will  vary  with  the  load,  because  the  losses 
(Art.  611)  vary  with  the  load.  A  good  5-kw.  generator  will  have  a  full- 
load  efficiency  of  about  82  per  cent.,  a  100-kw.  generator  91  per  cent,  and 
a  1,000  kw.  generator  93.5  per  cent.  As  an  example  of  how  efficiency  varies 
with  the  load:  For  a  lOO-kw.  machine  the  efficiency  at  full-load  is  91  per 
cent. ;  ?i  load,  90.6  per  cent. ;  H  load,  89  per  cent.  See  the  author's  Ameri- 
can Electbiciaxb*  Handbook  for  complete  table  showing  full  and  partial 
load  efficiencies  for  generators  ranging  from  5  kw.  to  1,000  kw.  in  capacity. 

613.  The  Output  of  Any  Direct-current  Generator,  is  equal 
in  watts  (power  output),  to  the  product  of  the  voltage  and  cur- 
rent delivered  by  the  machine.  This  follows  from  the  statements 
of  Art.  164.    That  is: 

(121)  Pw  =  E  XI  (watts) 
hence 

(122)  E  ^Pw-i-I  (volts) 
and 

(123)  I  =  Pw^  E  (amp.) 

Wherein  Pw  =  power  output  of  the  generator,  in  watts.  E  = 
e.m.f .  impressed  by  the  machine  on  its  external  circuit,  in  volts. 
I  =  current,  in  amperes,  flowing  through  the  line  terminals  of 
the  machine.    It  follows  that: 

(124):  P'  =  jM  ("^'-^ 

hence 

(126)  E  =  ^^X^O  (^^,^) 

and 

(126)  I  -  ^^  y '^  (amp.) 

Wherein  the  symbols  have  the  same  meanings  as  above  except: 
Pk/=  power  output  of  the  generator  in  kilowatts. 
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Example. — If  a  voltmeter  (Fig.  340,/)  connected  across  the  tenninals 
of  a  direct-current  generator  reads  220  volts  and  an  ammeter  cut  in  the  line 
reads  40  amp.,  the  watts  power  output  of  the  machine  is:  Pw  ^  E  X  I  " 
220  X  40  =  8,800  vxUts,  In  kilowatts  the  power  output  would  be:  Pjr- 
(E  XI)  -i-  1,000  -  (220  X  40)  4-  1,000  =  8,800  ^  1,000  -  8.8  kw. 

Example. — If  a  generator  (Fig.  340,Ji)  is  developing  44,000  watts  and 
the  current  through  its  terminals  is  200  amp.,  the  terminal  voltage  of  the 
machine  wQl  be:  ^  =  Pir  -5-  /  =  44,000  -h  200  =  220  voUa.  If  the  watt- 
meter reads  44  kw.,  then  the  voltage  would  be  computed  thus:  E  =  (Pk  X 
1,000)  -^  /  =  (44  X  1,000)  -f-  200  =  44,000  -i-  200  -  220  volts. 

Example. — ^The  current  through  the  terminals  of  the  direct-current  gen- 
erator of  Fig.  340,///,  which  is  developing  312  kw.  at  a  pressure  of  110 
volts  would  be:  /  =  (Pjc  X  1,000)  -h  J^  =  (312  X  1,000)  +  110  =  312,000 
-^  110  =  2,840  amp. 


Ammeter^ 


HI- Current  ■? 

Fio.  340. — Examples  in  the  computation  of  power  output  of  direot-ourrent 

generators. 

614.  The  Output  of  a  Direct-current  Generator  in  Horse 
Power  equals  its  output  in  watts  divided  by  746  (Art.  166)  or 
its  output  in  kilowatts  divided  by  0.746.    Thus: 


(127) 

and 

(128) 

or 

(129) 

and 

(130) 


HP  =  Pw^  746 


Pw  =  HPX  746 


HP  '^Pk 


0.746 


Pk  =  HPX  0.746 


(h.p.) 

(watts) 

(h.p.) 

(kw.) 


Example. — If  a  generator  is  developing  2,000  watts,  it  is  developing: 
HP  ^Pw  -i-  746  ^  2,000  -J-  746  =  2.68  HP,  Or  if  a  generator  is  develop- 
ing 85  kw.,  it  is  developing:  HP  '^  Pk  ^  0.746  -  85  +  0.746  -  114^P. 


(131) 

p    .Po 

or 

(132) 
and 

^      Pi 
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Example. — ^A  generator  developing  24  h.p.  is  producing:  Pw  =  HP  X 
746  =  24  X  746  -  17,900  iwUte.  Or  this  same  generator  is  producing  Pjc  = 
HP  X  0.746  -  24  X  0.746  »  17.9  kw,  . 

615.  The  Power  Input  of  a  Generator,  that  is  the  mechanical 
power  required  to  drive  the  generator  at  any  load  is  equal  (Art. 
612)  to  the  power  output  of  the  generator  at  the  given  load  divided 
by  the  efficiency  of  the  generator  at  that  load.  The  efficiencies 
of  the  different  kinds  of  generators  at  different  loads  are  tabu- 
lated in  the  author's  American  Electricians'  Handbook. 
Stated  as  a  formula: 

(input) 
(efficiency,  in  per  cent.) 

(133)  Po  =  P/  X  E  (output) 

Wherein  P/  =  the  power  input  to  the  generator.  Po  =  the  power 
output  of  the  generator.  E  =  the  efficiency  of  the  generator 
which  is  usually  expressed  as  a  percentage.  Note  that  P/  and 
Po  must  always  be  expressed  in  the  same  units,  which  may  be 
either  watts,  kilowatts  or  horse  power. 

Example. — If  the  power  output  of  a  generator  is  90  kw.  and  its  efficiency 
at  that  output  is  80  per  cent.,  the  corresponding  input  is:  Pj  «  Po  -^  E  = 
90  -&-  0.80  =  112.6  kw. 

Where  the  electrical  power  output  in  kilowatts  is  known  and 
it  is  desired  to  ascertain  the  mechanical  power  input  in  horse 
power  necessary  to  drive  the  machine  at  the  given  load,  the  fol- 
lowing formula  may  be  used: 

n  ^4^  ffP  -  PokXJOO  _  PoK  X  134 

(134)  HP,^  0.746>rE  " E  —  ^^^^'^ 

or 

(135)  PoK-=HPj  X  E  X  0.00746  (kw.) 
and 

(136)  E  =  — ^D (efficiency,  in  per  cent.) 

Wherein  HPi  =  the  power  input,  in  horse  power,  necessary  to 
drive  the  generator  at  the  given  load.  Pqk  =  the  given  load  out- 
put of  the  generator,  in  kilowatts.  E  =  the  efficiency  of  the 
generator  at  the  given  load  output,  in  per  cent. 
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Example. — ^What  horse  power  is  required  to  drive  the  150-kw.  generator 
of  Fig.  341,  when  it  is  developing  its  full  rated  load  of  160  kw.?  The  ma- 
chine has  a  full-load  efficiency  of  91.5  per  cent.  Solution. — Substitute  in 
the  formula  (134) : 

flP,=  P-Xi34.150><134,2i9A.p. 
t  91.0 


Currtnf 


Fio.  341. — What  power  necessary  to  drive  generator. 


Example. — ^If  the  power  input  to  a  generator  which  has  an  efficiency  of 
SOpercent.  is  70  h.p.,  the  output  of  the  machine  will  be:  Pok  —  HPi  X  E  X 
0.00746  -  70  X  80  X  0.00746  =  41.8  k.w. 

Example. — ^If  a  generator  is  developing  an  output  of  246  kw.  and  its 
power  input  is  then  364  h.p.^  what  is  its  efficiency  at  this  load  ?  Solution. — 
Substitute  in  the  formula:  E  -  {Pok  X  134)  -5-  HPi  =  (246  X  134)  -^  364 
=  32,964  -^  364  =  90.5  per  cent,  efficiency. 


SECTION  36 
DIKECT-CUKRENT-GENERATOR  CHARACTERISTICS 

616.  Characteristic  Cunres  of  Generators  are  graphs  which 
show  how  the  e.m.fs.  developed  by  the  machines  vary  with  the 
load — ^that  is  with  the  current  output.  Fig.  348  which  follows 
indicates  typical  examples  for  machines  of  the  diJBferent  classes. 
A  characteristic  graph  of  a  machine  offers  a  graphic  statement  of 
its  peculiar  quahties  or  traits.  It  is  therefore  obvious  that  a 
general  familiarity  with  the  typical  characteristics  of  the  genera- 
tors of  the  different  classes  is  valuable. 
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Fia.  342. — Magnetization  characteristic  graph  of  a  direct-current  generator. 

617.  The  Magnetization  Characteristic  of  a   Generator  is 

shown  for  a  typical  case  in  Fig.  342.  This  graph  shows  how  the 
terminal  e.m.f.  of  the  generator  changes  as  the  field  current  is 
varied.  In  taking  data  for  plotting  a  graph  like  this,  the  field 
should  be  separately  excited,  Fig.  292.  The  current  values, 
plotted  horizontally,  are  the  readings  of  an  ammeter  connected 
in  the  field  circuit.  The  voltage  values,  plotted  vertically,  are 
the  readings  of  a  voltmeter  connected  across  the  armature 
terminals  as  the  armature  is  rotated  at  the  rated  speed  of  the 
machine. 

Note. — ^With  zero  current  in  the  field,  there  is  a  small  voltage  OV  devel- 
oped.   This  is  due  to  residual  magnetism  (Art.  556).    As  the  field  current 
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is  increased  the  voltage  increases.  For  low  field  currents  the  voltage  rises 
rapidly  as  the  field  current  is  increased.  However,  beyond  the  knee  K  of 
the  curve  a  considerable  increase  in  field  current  is  required  to  effect  a  small 
increase  in  voltage.  At  about  the  point  K  the  magnetic  circuit  becomes 
saturated  (Art.  248) .  Obviously  the  magnetization  characteristic  curve  is 
merely  a  reproduction  of  the  magnetization  graphs  of  Fig.  147  which  should 
be  reviewed. 

618.  The  Characteristics  of  a  Series  Generator  (review  Art. 
558  on  the  "Series  Generator") .-^The  graph  is  shown  in  Fig.  343. 
Fig.  344  indicates  how  the  instruments  might  be  connected  in 
the  circuit  to  obtain  data  for  plotting  the  graphs;  current  and 
voltage  values  are  plotted  as  in  the  preceding  article.  It  is  as- 
sumed that  the  armature  is  being  rotated  at  constant  speed. 
With  the  external  circuit  open  at  switches  Si  and  S^,  there  would 
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FiQ.  343. — Characteristic  graphs  of  a  series-wound  generator. 

be  no  field  current  and  the  voltage  impressed  on  the  external 
circuit  across  SiSa  would  be  only  (07)  due  to  residual  magnetism. 
If  now  Si  and  S%  be  closed,  a  current  will  be  circulated  in  the 
external  circuit.  As  more  load — ^lamps  or  other  devices — ^is 
connected  across  the  Une,  the  external-circuit  resistance  is  de- 
creased. This  permits  a  greater  current  to  flow,  which  strength- 
ens the  series  field,  effecting  the  induction  of  a  greater  e.m.f. 
The  voltage  impressed  on  the  external  circuit  rises,  as  VK. 
However,  with  too  great  a  current,  the  internal  IR  drop  becomes 
excessive  and  as  the  current  is  further  increased  due  to  decreased 
external-circuit  resistance,  the  terminal  voltage  will  drop  off  as 
from  K  to  B.  The  graph  VKB  is  the  external  characteristic  of 
the  machine. 

The  graph  OA  shows  the  internal  IR  drop  in  the  field  coils  and 
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armature.  The  resistance  of  these  members  remains  constant; 
hence  the  drop  due  to  them  increases  directly  with  the  load.  This 
drop,  in  addition  to  that  in  the  external  circuit,  must  be  overcome 
by  th^  e.m.f.  induced  in  the  armature  of  the  machine.  There- 
fore, if  the  internal  IR  drop  graph  OA  be  added  vertically  to 
the  external  I  X  R  drop  graph  (for  that  is  what  it  is)  VKB, 
their  siun  will  be  the  graph  VLC,  which  indicates  the  internal 
characteristic  of  the  generator — ^that  is,  how  the  e.m.f.  induced 
in  the  armature  varies  as  the  current  in  the  circuit  changes. 
The  internal-characteristic  curve  of  the  machine  would  be  iden- 
tical with  its  magnetization  curve  were  there  no  armature  reac- 
tion (Art.  583). 

If  the  resistance  of  an  external  circuit  fed  by  a  series  generator 
is  too  low,  an  excessive  current  will  circulate  and  the  terminal 
e.m.f.  of  the  machine  will  decrease  excessively  due  to  great 
internal  IR  drop  and  armature  reaction.    On  the  other  hand,  if 
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Fio.  344. — Series  generator  serving  load,  with  instruments  for  taking  character- 
istic graph  data  in  circuit. 

the  external-circuit  resistance  is  too  high  a  current  sufficient  to 
magnetize  the  fields  will  not  circulate  and  hence  the  generator 
will  not  operate. 

Note. — Series  generators  are  sometimes  called  constantrcurrent  generators, 
not  because  they  inherently  produce  constant  currents  but  because  they 
are  inherently  adapted  for  the  development  of  the  e.m.f.  for  constant- 
current  series  circuits.  See  Art.  658  on  the  ''Series  Generator"  and  Art.  544 
on  "Constant-current  Generators." 

619.  The  Characteristics  of  the  Shunt-wound  Generator.— 

A  typical  characteristic  curve  is  shown  in  Fig.  345.  Fig.  346 
indicates  how  the  measuring  instruments  should  be  connected 
for  obtaining  the  data  which  is  plotted  into  curves  as  described 
in  preceding  articles. 

When  a  shunt-wound  generator  (Art.  559)  is  rotated  at  its 
rated  constant  speed,  its  field  immediately  "builds  up"  (Art. 
556)  even  though  switches  St  and  Ss  are  open  and  there  is  no 
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current  in  the  external  circuit.  This  is  shown  in  the  graph. 
If  the  external  circuit  now  be  dosed  (by  closing  S^  and  Si)  the 
armature  e.m.f .  will  circulate  a  current  in  it.  As  the  external- 
circuit  resistance  is  decreased  the  line  current  increases,  hence 
the  armature  current  increases.  This  causes  a  drop  in  the  voltage 
impressed    on   the   brushes   because   of   three    conditions:  (1) 
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YiQ.  345. — Characterifltio  graph  of  a  shunt-wound  generator. 

The  internal  armature  I  X  R  drop  (Art.  134)  is  increased.  (2) 
The  back  ampere-turns  (Art.  686),  causing  armature  demagneti- 
zation, are  increased.  (3)  These  two  effects  decrease  the  brush 
e.m.f.  which  decreases  the  field  current,  causing  a  still  further 
lowering  of  the  terminal  or  brush  e.m.f. 
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Fio.  346. — Shunt  generator  serving  load,  with  instruments  for  taking  charac- 
teristic graph  data  in  circuit. 

As  the  load  on  the  generator  is  increased,  the  voltage  impressed 
on  the  external  circuit  continues  to  drop  as  shown  in  Fig.  345. 
If  the  external-circuit  resistance  is  so  greatly  decreased  that  the 
line  current  exceeds  the  value  X,  the  voltage  decreases  very 
rapidly  and  the  impressed  e.m.f.  falls  to  zero.  This  is  because 
the  field-core  magnetization  falls  to  a  value  below  the  knee  of  the 
curve  (Art.  248)  when  the  voltage  falls  to  the  value  X  so  that,  as 
the  field-magnetization  current  decreases,  the  flux  and  e.m.f. 
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diminish  very  rapidly.  That  external-circuit  resistance  which 
is  low  enough  to  cause  a  shunt  generator  to  thus  rapidly  demag- 
netize is  the  critical  resistance  for  that  machine. 

Note. — The  point  x,  Fig.  345,  where  the  voltage  of  a  generator  drops  off 
rapidly  with  increase  in  load  is  beyond  the  operating  range  AB  of  the  ma- 
chine and  hence  is  of  theoretical  interest  only. 

Examples. — ^A  shunt-wound  generator  may  be  considered  a  constant 
e.m.f.  generator  and  hence  under  certain  conditions  may  be  applied  for  the 
services  outlined  in  the  "Example"  under  Art.  544.  But  although  shunt- 
wound  generators  develop  fairly  constant  terminal  voltages  even  under 
varying  loads  they  do  not  operate  as  satisfactorily  as  compound-wound 
machines  (Art.  560)  nor  do  they  produce  as  constant  voltages.  Shunt- 
wound  generators  have,  in  practice,  been  almost  entirely  superseded  by  the 
compound-wo\md  machines. 

620.  Characteristics  of  the  Compound-wound  Generator. — 

As  outlined  in  Art.  560,  a  compound-wound  machine  is  a  combi- 
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Fia.  847. — Compound-wound  generator  serving  load,  with  instruments  in  circuit 
for  taking  charaoteriBtic  graph  data. 

nation  of  a  series  and  a  shunt  machine.  Hence,  its  characteristic 
is  the  resultant  of  the  characteristics  of  the  shunt  and  series 
generator.  Fig.  347  shows  the  arrangement  of  instruments  for 
taking  the  data  for  plotting  the  external  characteristic  graph  and 
Fig.  348  delineates  the  graph.  The  dashed  line  shows  how  the 
terminal  voltage  impressed  on  the  line  would  vary  with  the  load 
if  the  machine  had  only  its  shunt-field  winding. 

If,  however,  a  series-field  winding  of  the  proper  number  of 
turns  be  incorporated,  then  the  terminal  voltage  will  be  as  indi- 
cated by  the  full  Une.  The  dot-dashed  line  shows  how  that  por- 
tion of  the  terminal  voltage  due  to  the  series  winding  increases 
as  the  load  increases.  The  height  of  the  full-line  graph  above 
the  horizontal  reference  line  is  at  any  point  equal  to  the  sum  of 
the  heights  of  the  dashed  and  the  dot-dashed  graph.  This  series- 
winding  graph  rises  very  gradually  (instead  of  abruptly  as  does 
the  series-generator  curve  of  Fig.  343)  because  the  series  winding 
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of  a  compound  machine  has  relatively  few — or  the  equivalent  of 
relatively  few — turns.  The  magnetization  due  to  the  series 
winding  can  be  so  proportioned  that  it  will  compensate  or  more 
than  compensate  for  the  tendency  toward  decrease  in  voltage 
due  to  internal  I  X  R  drop  (Art.  606)  and  armature  reaction 
(Art.  583). 

Examples. — Compound-wound  machines  are  now  used  almost  invari- 
ably where  a  constant-e.m.f.  direct-current  generator  is  required.  They  are 
utilised  in  railway  work  and  for  electric  lighting  and  power  transmission 
where  it  is  not  necessary  to  distribute  the  energy  over  great  distances.  A 
compound-wound  generator  is  a  good  example  of  a  constant-e.m.f.  (Art.  544) 
generator. 

621.  A  Flat-compounded  Generator  is  one  having  the  number 
of  its  series  turns  so  proportioned  that  the  terminal  voltage  is 
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Fio.  348. — Characteristic  graphs  of  compound-wound  generator. 

maintained  (without  field  rheostat  regulation)  practically  con- 
stant at  all  loads  within  its  range.  Usually  in  these  machines 
the  full-load  voltage  H,  Fig.  348,  is  the  same  as  the  no-load 
voltage,  J;  and  the  voltage  J  at  intermediate  points  is  a  trifle 
higher.  It  is  difficult  if  not  impossible  to  so  proportion  the  field 
windings  that  the  characteristic  graph  will  be  absolutely  "flat" 
throughout  the  entire  range  of  the  machine. 

622.  An  Over-compounded  Generator  is  one  having  the  num- 
ber of  its  series  turns  so  selected  that  its  full-load  voltage  is 
greater  than  its  no-load  voltage.  Over-compounding  is  neces- 
sary where  it  is  desirable  to  maintain  a  practically  constant  vol- 
tage at  some  specified  point  out  on  the  line  distant  from  the 
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generator.  Over-compounding  compensates  for  line  drop.  Gen- 
erators are  usually  so  "compounded"  that  their  full-load  terminal 
e.m.fs.  are  from  3  to  10  per  cent,  greater  than  their  no-load 
e.m.fs. 

Example. — ^Afisume  that  each,of  the  line  wires  of  Fig.  347  has  a  resistance 
of  1  ohm,  that  each  of  the  lamps  constituting  the  load  should  have  100  volts 
impressed  across  its  terminals  and  that  each  lamp  takes  1  amp.  Then  with 
one  lamp  burning  the  line  drop  would  be:  1  amp.  X  2  ohms  »  2  volts. 
Hence,  with  only  one  lamp  burning  the  generator  terminal  e.m.f .  wotild  have 
to  be:  100  +  2  =  102  volts.  But  with  four  lamps  burning  the  line  drop 
would  be:  4  amp.  X  2  ohms  =  8  volts;  with  four  lamps  burning  the  gener- 
ator terminal  e.m.f.  would  have  to  be  100  +  8  =«  108  volts  to  insure  100 
volts  across  the  lamps  at  the  end  of  the  line.  Note  that  the  generator  e.m.f. 
must  be  increased  as  the  load  connected  to  it  increases  if  the  voltage  at  a 
given  point  out  on  the  line  is  to  be  maintained  constant.  That  is,  the  gen- 
erator must  be  over-compounded.  In  the  imaginary  case  just  described, 
assuming  that  4  amp.  (or:  4  amp.  X  100  voUs  =  400  toatts)  is  the  rated 
capacity  of  the  generator,  it  should  be  so  over-compounded  that  its  no-load 
terminal  e.m.f.  would  be  100  volts  and  its  full-load  e.m.f.  would  be  108  volts. 

623.  Voltage  Regulation. — The  voltage  regulation  of  a  gen- 
erator is  the  percentage  of  the  full-load  terminal  e.m.f.  that  the 
terminal  e.m.f.  decreases,  from  no  load  to  full  load  or: 

,,^-,-  T7  7.        D      7  I-          (iVo-M  Voltage)  -  {FulUld  VoUage) 
(137)^  VoUage  ReguUU^on  = FuuJoad  Voltage ^ 

The  voltage  values  should  be  taken  with  the  speed  of  the 
machine  constant.  "Voltage  regulation"  refers  only  to  the 
changes  in  voltage  that  occur  when  the  load  on  it  changes, 
because  of  conditions  within  and  brought  about  by  the  machine 
itself. 

Example. — The  "regulation"  of  a  shunt-wound  generator  is  poor.  Fig. 
345  because  its  terminal  voltage  "drops  off"  considerably  at  full-load.  The 
regulation  of  a  flat-compound  generator  (Fig.  348  is  practically  perfect  be- 
cause its  terminal  voltage  is  the  same  at  full  as  at  no-load.  A  generator 
having  a  no-load  voltage  of  110  and  a  full-load  voltage  of  103  would  have  a 
regulation  of:  (110  -  103)  -h  103  =  6.8  per  cent. 

624.  ''Voltage  Control"  of  Generators  refers  to  changes  in 
impressed  voltage  effected  by  attendants  manipulating  field 
rheostats  or  to  changes  effected  by  automatic  control  apparatus. 
"  Regulation  "  (Art.  623)  is  due  to  the  machine  itself.  "  Control " 
is  due  to  some  external  source. 

Example. — The  terminal  voltage  of  a  shunt  or  compound  generator  can 
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be  controlled  by  adjusting  the  shunt-field  rheostat.  If  the  resistance  in  the 
shunt-field  circuit  (Art.  559)  is  diminished  the  shiint-field  current  increases 
and  the  terminal  voltage  is  correspondingly  increased;  the  reverse  is  also  true. 
If  the  speed  of  the  prime  mover — engine,  water  wheel  or  the  like — changes, 
the  terminal  voltage  of  the  generator  it  is  driving  will  change.  Where  such 
speed  changes  are  not  too  frequent  the  terminal  voltage  of  the  machine  can 
frequently  be  maintained  reasonably  constant  by  suitable  adjustments  of 
the  field  rheostat.  Automatic  voltage  regulatora  (the  operation  of  which  is 
explained  in  the  author's  Central  Stations)  can  be  purchased  which  will 
maintain  the  voltage  of  a  machine  practically  constant  regardless  of  wide 
variations  in  speed  and  load. 


SECTION  37 
DIRECT-CURRENT-MOTOR  PRINCIPLES 

625.  An  Electric  Motor  (Fig.  349)  is  a  device  for  converting 
electrical  energy  into  mechanical  energy.  Note  that  a  motor  is 
just  the  "opposite"  of  a  generator  as  defined  in  Art.  509.  A 
motor  will  supply  mechanical  power  when  a  current  due  to  some 
external  source  of  e.m.f.  is  forced  through  it.  The  motion  of  a 
motor  is  due  to  the  reaction  between:  (1)  the  current  flowing  in  a 
set  of  conductors  mounted  on  an  armature;  and  (2)  a  magnetic  field 
in  which  the  conductors  and  their  armature  rotate.  The  motor 
exerts  its  mechanical  effort  or  torque  as  a  pull  on  a  belt  or  thrust 
on  a  gear  or  a  twisting  force  on  a  shaft. 

626.  How  a  Direct-current  Motor  Converts  Electrical  Energy 
into  a  Mechanical  Energy  is  explained  in  detail  in  articles  which 
follow.    Briefly  the  situation  is  this: 

Explanation. — ^A  direct-current  motor  is  the  same  as  a  direct-current 
generator  in  construction.  Wlien  a  motor  is  connected  to  a  source  of  e.m.f. 
— ^for  example  to  a  generator  as  in  Fig.  350 — ^the  e.m.f.  developed  by  the 
generator  will  impel  a  current  through  the  motor  armature  and  a  current 
through  the  motor  field  windings.  Certain  electromagnetic  reactions  (Art. 
434)  then  occur  between  the  armature  and  the  field  which  cause  the  motor 
armature  to  rotate  and  pull  its  load. 

The  motor  will  itself,  in  a  way  to  be  described  (Art.  635),  tend  to  govern 
the  intensity  of  the  current  which  flows  through  it.  When  pulling  a  small 
load,  the  current  taken  by  a  motor  will  be  small.  When  pulling  a  large 
load,  the  current  taken  by  a  motor  will  be  correspondingly  large.  That  is, 
with  the  impressed  e.m.f.  remaining  steady,  the  current  taken  at  any  instant 
will  be  almost  exactly  proportional  to  the  load  which  the  motor  is  pulling 
at  that  instant. 

It  has  been  shown  that:  vower  in  watts  =»  volts  X  amperes  (Art.  164). 
This  holds  true  for  a  motor.  The  amperes  input  to  the  motor  multiplied 
by  the  voltage  at  the  motor  terminals  equals  the  electric  power  taken  b}'^ 
the  motor.  The  mechanical  power  delivered  by  the  motor  is  somewhat 
smaller  than  the  input  power  because  there  are  certain  losses  in  motors 
similar  to  those  in  generators  (Art.  611).  But  if  the  motor  power  input  be 
multiplied  by  the  efiGiciency  (Arts.  176  and  676)  of  the  motor,  the  product 
will  be  the  power  available  at  the  motor  pulley  for  doing  mechanical  work. 
See  following  Arts.  675  to  677  for  formulas  and  examples  further  explaining 
this  principle. 
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627.  The  Principle  of  Operation  of  an  Electric  Motor  is  based 
on  tlie  phenomena  described  in  Art.  434  where  it  is  shown  that 
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Fia.  349. — Typical  sectional  view  of  a  vertical  direct-current  motor. 

there  is  always  an  electromagnetic  force  acting  on  any  current- 
carrying  conductor  located  in  a  magnetic  field.    This  can  be 
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readily  demonstrated  with  the  simple  apparatus  shown  in  Fig. 
352.  Figs.  214  and  351  picture  this  action  on  one  conductor  in 
a  field.  Now  if  a  conducting  loop  like  that  of  Fig.  353  be 
mounted  on  an  axis  0  (Fig.  354)  in  a  magnetic  field  and  current 
be  forced  through  the  loop,  electromagnetic  forces  develop  tend- 
ing to  cause  the  loop  to  rotate. 
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Fio.  350. — UluBtrating  the  conversion  of  electrical  energy  into  mechanical 
energy  by  the  use  of  an  electric  motor. 

Explanation. — As  explained  in  Art.  434,  when  a  conductor  carrying 
current  is  placed  in  a  magnetic  field,  the  resultant  field — that  due  to  a  com- 
bination of  the  original  field  and  the  field  due  to  the  current  in  the  conductor 
— is  stronger  on  one  side  of  the  conductor  than  on  the  other.  This  produces 
an  excess  of  fiux  lines  (field  strength)  on  one  side  of  the  conductor  and  a 
deficit  on  the  other  side  as  shown  in  Fig.  354.     The  flux  on  one  side  of  the 
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Fig.  351. — Illustrating  action  on  a  current-carrying  conductor  in  a  magnetic 
field.  (The  conductor  would  be  forced  up  out  of  the  field  by  the  magnetic 
reaction.) 


conductor  is  distorted — "bunched."  The  distorted  flux  lines,  displaying 
their  characteristic  taut-rubber-band-like  tendency  (Art.  56)  endeavor  to 
straighten  out,  thus  forcing  the  current-carrying  conductor  to  move  in  a 
direction  at  right  angles  to  the  field.  Another  way  of  stating  this  same  fact 
is:  The  current-carrying  conductor  tends  to  move  from  the  strong  field  to 
a  weaker  one. 

With  a  conducting  loop  like  that  of  Figs.  353  and  354  in  a  field,  a  current 
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Fio.  352. — Showing  how  a  current-canying  conductor  is  thrust  from  a 
magnetic  field. 
With  the  arrangement  shown  (which  can  be  assembled  in  a  few  minutes)  and 
one  dry  cell  the  thrusting  effect  of  a  magnetic  field  on  a  current-carrying  conduc- 
tor can  be  readily  demonstrated.  Try  it  first  as  at  /;  the  yoke  will  be  forced 
from  the  field  as  at  IV,  Then  reverse  the  direction  of  ciUTent  through  the  swing- 
ing yoke  and  the  yoke  will  be  thrust  in  the  opp6site  direction  as  at  V,  in  the  oppo- 
site direction.  Now  turn  the  magnet  over  and  repeat  the  experiment  as  at  VI 
and  VII, 
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Fig.  353. — lUustrating^action  on  a  current-carrying  loop  in  a  magnetic  field. 
(Loop  would  rotate  in  clockwise  direction.  Right-hand  side  would  go  down  and 
left-hand  side  would  go  up.) 


Sec.  37]  DIRECT-CURRENT-MOTOR  PRINCIPLES 


436 


in  the  loop  will  produce  magnetic  interactions,  as  indicated  in  the  illustra- 
tion, between  each  of  the  sides  of  the  loop  and  the  field.  Both  sides  of  the 
loop  act  in  unison  and  tend  to  produce  rotation  of  the  loop  around  its  axis  o. 
The  directions  of  the  flux  about  the  sides  of  the  loop  of  Fig.  354  may  be  veri- 
fied by  applying  the  hand  rule  of  Art.  427. 

When  the  loop  has  rotated  until  it  has  assumed  a  position  at  right  angles 
to  the  direction  of  the  field,  the  tendency  to  c^use  its  rotation  becomes  zero 
as  shown  iii^Fig.  355,7.     However,  in]  an  actual  motor,  when  a  given  loop 

Direction  of  Rotation  flux y-Conduc  tin^  Loop 


Fio.  354. — Showing  how  flux  distortion  tends  to  produce  rotation  of  a  loop,  which 
carries  current,  located  in  a  magnetic  field. 

rotates  into  the  position  of  7,  its  commutator  (Art.  529)  reverses  the  current 
in  it  and  the  flux  is  then  distorted  somewhat  as  shown  at  777.  With  the 
conditions  as  shown  at  777  there  would  be  no  tendency  for  the  loop  to  rotate 
in  either  direction.  It  would  be  on  a  '' dead-center.''  But  in  actual  motors 
there  would  be  other  loops  on  the  armature  in  about  the  position  of  Fig.  354 
which  would  force  the  loop  of  777  to  move  in  the  direction  of  the  arrow  from 
the  "dead-center"  position;  once  displaced  from  this  position,  it  would 
continue  to  rotate  as  hereinbefore  described. 
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Fio.  355. — Flux  about  a  loop  in  a  magnetic  field  through  which  current 
(electrons  in  motion  in  the  conductor)  is  being  forced. 


Another  Explanation  (sometimes  offered  that  does  not,  however,  tell 
the  entire  story)  which  accounts  for  the  rotation  of  a  current-carrying  loop 
in  a  magnetic  field  is  this:  Consider  that  each  loop  (Fig.  355,77)  constitutes 
an  electromagnet  (Art.  215)  having  at  one  face  a  N  pole  and  at  its  other 
face  a  S  pole.  Then  the  N  pole  of  the  loop  is  always  attracted  by  the  S 
pole  of  the  motor-field  magnet  and  repelled  by  N  pole  of  the  field  magnet. 
In  Fig.  354,77,  the  S  pole  of  the  loop  is  attracted  by  the  N  pole  of  the  field 
magnet  and  repelled  by  the  S  pole  of  the  field  magnet;  thus  the  loop  is  forced 
into  the  position  of  Fig.  355,7. 
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It  would  remain  held  in  this  position,  but  at  this  instant  the  commutator 
(Art.  529)  reyerses  the  current  through  the  loop  as  shown  in  Pig.  355,///. 
Now  the  S  pole  of  the  loop  is  repelled  by  the  S  pole  of  the  field  magnet  and 
attracted  by  the  N  pole  of  the  field  magnet,  insuring  a  continuation  of  the 
rotation.  This  explanation  follows  from  Maxwell's  law  (Art.  211)  which 
states  that:  Any  current-carrying  coil  wiU  tend  to  assume  such  a  position  that 
the  flux  enclosed  by  it  mU  he  a  maximum  and  aU  in  the  same  direction. 

A  Simple  Electric  Motor  (Fig.  356)  which  will  operate  on  a  dry  cell  can 
be  constructed  in  a  few  minutes.  This  little  machine  will  afford  a  splendid 
demonstration  of  the  principles  hereinbefore  outlined. 


Te/epfrofT^  -Ringer 
Magnef 


,  Very  Thin  Sheet  Metal 
rttaldBare  Wire 


Sheet- 
Metal 


,^  n- Brushes 

^^ 
'Searincf 

Jff-ThufnbTqck 
TlhuTTth  Tacks  or 


:6 


m- Bearings 
Y- Wood  Screw 


Commokifor 


Qr^an 


'Shaft     . 
^Pin  or  Nail) 


Piece  of  Solid  End 
of  Shade  Roller 

20  Turns/Total)  Insulated 
Copper  ly/re ' 


3ZI- Armature 


I- Improvised  Motor 

Fig.  356. — Showing  how  an  electric  motor  can  be  quickly  made. 
This  experimental  motor  can  be  easily  made  from  materials  usually  available. 
It  will  operate  on  one  dry  cell.  It  demonstrates  the  fimdamental  principles. 
Reverse  the  direction  of  current  through  the  armature  by  transposing  the  con- 
necting wires  at  E  and  f  or  at  (7  and  H  and  note  that  the  direction  of  rotation  of 
the  armature  is  thereby  changed.  Reverse  the  direction  of  the  field  by  turning 
the  magnet  upside-4own  and  note  that  this  will  also  reverse  the  direction  of 
rotation. 


628.  Any  Electric  Generator  Will  Operate  as  a  Motor. — It 
follows  therefore  that  the  constructional  details  of  motors  are  in 
general  the  same  as  those  of  generators  as  described  in  preceding 
sections.  For  certain  special  motor  applications,  such  as  those 
in  railway)  mining  and  hoisting  work,  it  is  necessary  that  very 
compact  and  sturdy  construction  be  used  and  that  the  motors 
be  of  the  enclosed  type  to  insure  against  the  entrance  of  dirt. 
Such  motors  are  different  in  mechanical  construction  from  ordi- 
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nary  generators  but  electrically  they  are  essentially  the  same  as 
generators  and  could  be  used  as  such.  Many  motors  have 
two-circuit  or  series-armature  windings  (Art.  698)  which  require 
only  two  sets  of  brushes  regardless  of  the  number  of  poles. 
This  type  is  used  in  railway  and  automobile  service  since  it 
permits  of  the  two  sets  of  brushes  being  located  in  readily  acces- 
sible positions. 

629.  The  Force  Exerted  on  a  Current-carrying  Conductor  in 
a  Uniform  Magnetic  Field  (at  right  angles  to  the  direction  of  the 
field)  which  tends  to  move  the  conductor  in  the  direction  in- 
dicated by  the  left-hand  rule  of  Art.  513,  may  be  computed  by 
using  the  following  formulas: 

(138)  Fg  =  0.000,62  X  /  X  L  X  B  (grains) 
or 

(139)  F,b.  =  0.000,000,088  X  /  X  L  X  B  =  \^^^^^        Gb.) 

Wherein  Fg  =  force,  in  grains,  exerted  on  the  conductor  (Note 
that  there  are  7,000  grains  in  1  lb.).  Fib.  =  force,  in  pounds,  ex- 
erted on  the  conductor.  I  =  current  flowing  in  the  conductor,  in 
amperes.  L  =  length  of  the  conductor,  in  inches,  in  the  uniform 
magnetic  field,  at  right  angles  to  the  direction  of  the  field.  B  = 
flux  density  of  the  magnetic  field,  in  lines  per  square  inch. 

Example — What  force,  in  grains,  is  exerted  on  the  conductor  shown  in 
Fig.  351?  The  current  in  the  conductor  is  40  amp.,  the  flux  density  is 
129,000  lines  per  sq.  in.  and  the  length  of  the  conductor  in  the  field  is  5K 
in.  Solution. — ^The  conductor  in  this  case  would  be  forced  down  (hand 
rule,  Art.  427  and  Pig.  254)  and  with  a  force  of: 

Fg  «  0.00062  X  /  X  L  X  B  =  0.00062  X  40  X  5.75  X  129,000 

=  18,400  graiM. 
The  force  exerted,  in  pounds,  on  the  conductor  would  be: 

F\h.  =  0.000000088  X  /  X  L  X  B  = 

0.000000088  X  40  X  5.75  X  129,000  «  2.6  lb. 

Example. — What  is  the  torque  (Art.  173)  or  tendency  to  rotate  developed 
by  the  loop  in  Fig.  353?  Each  side  of  the  loop  is  7.9  in.  long.  The  diameter 
of  the  loop  is  6.3  in.  The  flux  density  of  the^eld  is  97,000  lines  per  sq.  in. 
and  the  current  flowing  in  the  loop  is  12  amp.  Solution. — Substitute  in 
the  formula  (139)  to  determine  the  force  exerted  on  each  side  of  the  loop: 

_  IXLXB  _  12_X  7.9  X97  _  ^  ^^  ,, 
^^^'  "  "11,300,000  "*         11,300         "■  "-^^  "^' 

This  force  is  exerted  on  each  side  of  the  loop  hence  the  force  exerted  on 
both  sides  of  the  loop  is:  2  X  0.82  =  1.64  lb.     The  force  is  exerted:  3.2 
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in.  +  12  «  0.26 /«.  from  the  axis.  Hence,  the  torque  is:  0.26 /^  X  1.64  /6. 
=  0.43  Ih.'ft.  torque. 

630.  The  Total  Torque  Exerted  by  All  of  the  Conductors  on  a 
Motor  Armature  (Fig.  100)  may  be  ascertained  by  using  the 
formula  given  below.  The  force  acting  on  one  current-carry- 
ing conductor  tending  to  move  it  in  a  magnetic  field  may  be 
computed  as  suggested  in  Art.  629.  When  a  number  of  con- 
ductors are  arranged  into  an  armature  winding  and  current  is 
forced  through  the  winding  by  an  external  e.m.f.,  a  magnetic 
force  is  exerted  by  the  field  on  each  conductor.  The  forces  on 
all  of  the  conductors  act  in  unison  and  thus  produce  a  torque 
(Art.  173)  on  the  armature  shaft.  This  total  torque  is — ^with  a 
given  current  flowing — ^independent  of  the  speed  of  the  armature 
and  may  be  expressed  thus: 

(lb.  at  1  ft.  radius) 

Wherein  T  ==  total  torque  exerted  by  the  armature,  in  pounds, 
at  1  ft.  radius  (Art.  173).  P  =  number  of  poles  of  motor. 
4>P  =  total  useful  flux  per  pole,  i.e.,  number  of  Unes  of  force  per 
pole  that  cut  armature  conductors.  Ct  =  number  of  active 
conductors  or  coil  sides  on  the  armature.  I  =  total  current,  in 
amperes,  forced  through  the  armature  from  the  Une.  m  =  number 
of  armature  paths  between  brushes. 

Example. — ^What  would  be  the  torque  exerted  by  a  four-pole  motor  arma- 
ture having  80  armature  conductors  with  a  current  of  20  amp.  in  the  arma- 
ture circuit?  The  flux  per  pole  is  400)000  lines.  The  armature  has  a 
multiple  winding.  Solution. — In  a  multiple-wound  armature  there  are  as 
many  armature  paths  as  poles;  hence  in  this  case  there  are  four  pathB. 
Now  substituting  in  the  formula: 

-       PX4>pXCtX  I  __  4X  400,000  X  80  X  20      7  .  «   ^,  . 

^   "    85,200,000  X  m"  "         85,200,000  X  4         "  ^'^  "*''^^'  torque. 

631.  Counter  E.m.f.  is  a  phenomenon  which  occurs  in  electric 
motors  and  which  should  be  thoroughly  understood.  When  any 
conductor  cuts  flux  there  is  an  e.m.f.  induced  in  the  conductor, 
Art.  416.  This  is  just  as  true  of  the  conductors  of  a  machine 
when  it  is  operating  as  a  motor  as  when  it  is  running  as  a  gen- 
erator, because  in  both  cases  the  armature  conductors  are  rotat- 
ing in  a  magnetic  field.  Furthermore,  the  e.m.f,  induced  in  the 
armature  conductors  in  a  motor  is  in  the  same  direction  as  that 
induced  in  the  machine  if  operated  as  a  generator.    But  this 
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e.m.f.  induced  in  a  motor  armature  is  in  a  direction  opposing 
(but  is  never  as  great  as)  the  e.m.f.  which  is  impressed  on  the 
armature  and  which  causes  it  to  rotate.  The  hand  rules. 
Figs.  208  and  209  confirm  this  statement.  It  is  also  in  conform- 
ity with  Lenz's  law  (Art.  435).  Since  this  induced  e.m.f.  is  in  a 
direction  opposing  the  impressed  e.m.f.  and  since  it  tends  to 
impel  a  current  in  a  direction  opposite  to  that  of  the  current 
which  causes  the  motor  armature  to  turn  it  is  termed  the  counter 
or  back  e.m.f.  of  a  motor. 

632.  The  Effect  of  Counter  E.m.f.  is  to  limit  the  current  in  a 
motor  armature.  The  resistance  of  any  motor  armature  is 
always  very  small.  Frequently  it  is  much  less  than  an  ohm. 
Hence,  it  is  evident  that  if  the  normal  line  e.m.f.  is  impressed 
directly  on  an  armature  of  a  motor,  an  excessive  current  will 
flow  unless  there  is  something  to  limit  the  current  to  a  reasonably 
safe  value.  As  will  be  shown,  resistance  is  inserted  in  series  with 
an  armature  to  limit  the  current  while  the  armature  is  being 
started  (Art.  633).  The  counter  e.m.f.  developed  by  the  arma- 
ture limits  the  current  after  the  armature  has  commenced  rotat- 
ing. Obviously,  when  a  motor  armature  is  at  rest  the  counter 
e.m.f.  developed  by  it  is  zero.  When  the  armature  starts  to  turn 
it  commences  to  induce  a  counter  e.m.f.  and  as  it  "speeds  up" 
the  counter  e.m.f.  increases. 

When  an  armature  is  at  rest  the  intensity  of  the  current 
that  will  flow  in  the  armature  is  determined  solely  by  Ohm's  law 
(/  ==  ^  -^  R) — by  the  impressed  voltage  and  the  resistance  in 
ohms  of  the  armature  as  shown  in  the  following  example.  When 
the  armature  is  rotating,  the  counter  e.m.f.  induced,  since  it  is 
in  a  direction  opposite  to  that  of  the  impressed  e.m.f.,  has  the 
effect  of  decreasing  the  effectual  impressed  e.m.f.  That  is,  the 
e.m.f.  which  is  actually  effectual  in  forcing  current  through  the 
armature  is  the  difference  between  the  impressed  e.m.f.  and  the  coun- 
ter e.m.f.  As  shown  in  the  following  example,  this  difference — 
that  is  the  effectual  e.m.f. — ^may  be  but  a  few  volts,  even  when 
the  impressed  e.m.f.  is  several  hundred  volts. 

Note. — The  action  of  motor  counter  e.m.f.  may  be  better  understood 
by  a  consideration  of  Pig.  357.  Where  a  100  volt  generator  is  shown,  dia- 
grammatically,  forcing  current  through  a  rotating  armature.  It  is  assumed 
that  the  generator  and  motor  are  very  close  together  and  that  the  connecting 
leads  are  large  so  there  is  practically  no  voltage  drop  in  them.  The  voltage 
impressed  on  the  armature  is,  then,  as  represented  by  the  length  of  the  heavy 
dashed  line,  100  volts.    The  counter  e.m.f.  induced  by  the  rotating  arma- 
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ture  is  (dot-and-daahed  line)  90  volts  and  is  in  the  opposite  direction  to  the 
impressed  e.m.f.  Then  obviously  the  effectual  e.m.f.f  the  pressure  available 
to  force  current  through  the  armature,  is:  100  volU  —  90  volts  «  10  volt$  as 
represented  by  the  short  black  line. 

Example. — A  500-volt  motor  armature  (Pij?.  368)  has  a  resistance  of  0.2 
ohm.     (1)  What  current  will  flow  in  the  armature  if  it  is  restrained  from 


100' Vol f 


kfof^r  -Armeffure 


^Efr^cttjcti 


^,^_^ 


Fxo.  357. — IlluBtrating  impressed,  counter  and  effectual  e.m.f8.  of  a  motor. 

rotating  and  the  rated  voltage  of  the  machine,  500  volts,  is  impressed  across 
it?  (2)  If,  when  rotating  at  its  full-load  speed  the  armature  induces  a 
counter  e.m.f.  of  490  volts,  what  current  wUl  then  be  forced  through  the 
armature?  Solution. — (1)  With  the  armature  at  rest  its  resistance  alone 
limits  the  current  through  the  armature  and  in  this  case  the  current  would 
then  be:     f  =  ^  +  i2=500t^oZte  -5-  0.2  ohm  =2,500  amp.     (2)  With  the 


Drect-Currmf- .,. 


Motor  AtntiM  turt* 
R' 02  Ohm 


Fio    358. — Direct-current  generator  forcing  current  (electrons  in  motion) 
through  a  direct-current  motor  armature. 


armature  inducing  [a  counter  e.m.f.  of  490  volts,  the  effectual  e.m.f.  would 
be:  500  vo\X%  -  490  voUs  »  10  volto.  Then  the  current  through  the  arma- 
ture would  be:  10  volU  -^  0.2  ohm  =  50  am-p, 

633.  The  Function  of  a  Starting  Resistance  (this  matter  is . 
more  fully  treated  in  Art.  654)  is  to  Umit  the  armature  current 
while  the  motor  is  being  started  and  before  it  has  attained  its 
rated  speed.    Such  resistances  are  usually  arranged  in  series 


Sbc.  37]         DIRECT^URRENT'MOTOR  PRINCIPLES  441 

with  motor  armatures  about  as  shown  in  Fig.  359.  When  the 
motor  is  connected  to  the  line,  all  of  the  resistance  is  in  series 
with  the  armature.  The  resistance  may  be  great  enough  that 
the  starting  current  is  Umited  to  any  desirable  value.  However, 
as  the  armature  attains  speed,  the  resistance  is  cut  out,  step  by 
step,  until,  when  the  armature  is  running  at  the  speed  at  which  it 
was  designed  to  operate,  all  of  the  starting  resistance  will  be  cut 
out  of  the  circuit  and  the  armature  will  then  be  connected  directly 
across  the  line. 

634.  The  Counter  E.m.f.  Induced  in  Any  Direct-current 
Motor  Armature  Is  the  E.mJ.  Which  the  Same  Armature 
Would  Develop  If  Operated  in  a  Generator  at  the  Same  Speed 
and  in  the  Same  Flux. — It  follows  from  this  that  the  formulas 
of  Arts.  602  and  603  may  be  appUed  for  computing  the  counter 
e.m.f.  of  a  motor.    Thus,  the  e.m.f .  induced  in  the  armature  of 


Generator^ 


IT 


Fio.  359. — ^Showing  a  motorHstarting  resistance. 

any  direct-current  motor  may  be  computed  by  using  the  following 
formula  which  is  identical  with  the  generator  formula  of  Art.  603: 

Wherein  Eb  =  the  counter  or  back  e.m.f.  induced  in  the  motor 
armature  in  volts.  P  =  the  number  of  field  poles  of  the  motor. 
<fc»  =  the  flux  or  number  of  lines  of  force  per  pole  entering  or 
leaving  the  armature.  Ct  =  the  total  number  of  inductors  or 
sides  of  coils  on  the  armature  (see  Art.  641).  m  =  the  number 
of  parallel  conducting  paths  between  positive  and  negative 
brush  sets  (see  Art.  598).  T  =  the  number  of  revolutions  or 
turns  per  minute  of  the  armature. 

635.  The  Speed  of  Any  Direct-current  Motor  is,  at  any  instant, 
determined  largely  by  the  counter  e.m.f.  which  it  develops. 
The  tendency  of  a  direct-current  motor  is  always  to  operate  at 
a  speed  such  that  the  sum  of  the  armature  IRa  drop  and  the 
counter  e.m,f.  will  just  equal  the  impressed  e.m.f.  (Art.  632). 
At  Ught  loads  the  current,  /  will  be  small.    Armature  resistances 
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are  small.  Hence,  at  light  loads,  the  armature  drop,  7  X  /Jii, 
will  be  small.  Therefore,  at  Ught  loads,  Eb  will  be  large  and  may 
almost  (but  can  never  quite)  equal  the  impressed  e.m.f.,  E. 
Therefore,  when  a  motor  is  pulling  a  light  load  its  armature  will 
tend  to  rotate  at  a  higher  speed  than  when  it  is  pulling  a  heavy 
load.  How  the  speeds  of  series-,  shunt-  and  compound-wound 
motors  vary,  more  or  less,  with  their  loads  in  accordance  with 
this  principle  is  discussed  in  Arts.  647,  662  and  669. 

$36.  The  Essential  Formulas  Relating  to   Counter  E.m.f. 
are,  it  follows  from  the  preceding  discussion: 


(141) 

'^  -  r: 

■      (amp.) 

and  transposing: 

(142) 

Eb  =  E-(IaX  Ra) 

(volts) 

and 

(143)  £  =  ^B  +  (7x  X  Ra)  (volts) 

Wherein  I  a  =  current,  in  amperes,  through  motor  armature. 
E  =  e.m.f.,  in  volts,  impressed  on  the  motor  brushes.  Eb  = 
counter  or  back  e.m.f.,  in  volts,  induced  in  the  motor  armature. 
Ra  =  armature  resistance  (Art.  604)  of  motor,  in  ohms. 

Example. — What  will  be  the  current  in  a  motor  armature  that  has  a 
resistance  of  0.6  ohm,  if  it  is  inducing  a  back  e.m.f.  of  96  volts  and  the  irn- 
pressed  e.m.f.  is  100  volts?  Solution. — Substitute  in  the  formula  (141): 
Ia  ^  (E  -  Eb)  -^  Ra  =  (100  -  95)  -^  0.6  =  5  -5-  0.6  =  8.3  amp. 

Example. — ^What  counter  or  back  e.m.f.  is  being  induced  in  a  motor  op- 
erating on  an  impressed  e.m.f.  of  220  volts  and  having  an  armature  resistance 
of  0.3  ohm  when  the  armature  current  is  20  amp.?  Solution. — Substitute 
in  the  formula  (142):  Eb  =E  -  {IaX  Ra)  =  220  -  (20  X  0.3)  =  220  - 
6  =  114  volts. 

637.  The  Relations  Between  the  Counter  E.mi.  of  a  Motor 
and  the  Power  Developed  by  It  are  shown  by  the  following 
formulas.  As  stated  in  Art.  636,  equation  (141),  /a  =  (-B  — 
Eb)  -^  Ra»    Hence: 

(144)  IaXRa--  E  -  Eb 

Now  if  every  term  of  the  equation  be  multipUed  by  I  a 

(145)  Pa  XRa==(EX  I  a)  -  {Eb  X  Ia) 
therefore 

(146)  IaXE  =  {I\  X  Ra)  +  (Eb  X  Ia). 
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Equation  (146)  shows  that  the  total  power  input  to  a  motor, 
I  A  X  E,  comprises  two  components:  (a)  The  Ia^Ra  power  loss 
in  the  armature  winding  due  to  the  current  flowing  through  the 
winding.  (6)  The  power,  EbIa,  due  to  the  counter  e.m.f.  of  the 
armature.  (The  power  required  to  excite  the  field  windings  and 
the  power  required  for  other  losses  are  here  disregarded.)  The 
power,  Ia^Ra,  wasted  in  the  armature  winding  is  a  total  loss. 
Hence  the  power  available  for  driving  the  motor  shaft  must  be 
EbIa,  hence  it  may  be  written  that: 

(147)  Pm^EbX  Ia  (watts) 

Wherein  Pm  =  the  mechanical  power,  in  watts,  developed  by  the 
motor,  including  that  available  at  the  motor  shaft  for  driving 
the  load  and  that  expended  in  friction,  windage  (Art.  611), 
eddy-current  and  hysteresis  (Art.  611)  losses. 

It  is  obvious,  then,  from  formula  (147)  that  the  power  de- 
veloped by  a  direct-ciurent  motor  is  determined  by  two  factors: 
(1)  The  armature  current  (2)  The  counter  e.m.f.  If,  then, 
the  counter  e.m.f.  of  a  motor  is  increased,  the  current  remaining 
constant,  the  power  of  the  motor  is  increased.  The  power  in- 
creases directly  as  the  counter  e.m.f. 

638.  The  Relation  Between  the  Direction  of  Rotation  of  e 
Motoii  the  Direction  of  Flux  and  the  Direction  of  E.m«f.  is  the 
same  as  for  a  generator  (Art.  613)  except  that  in  the  case  of  a 
motor  it  is  the  impressed  e.m.f.  which  is  usually  considered. 
The  impressed  voltage  is  that  which  causes  the  motor  to  operate. 
This  impressed  e.m.f.  is  opposite  in  direction  to  the  e.m.f.  induced 
if  the  machine  were  operated  as  a  generator.  Hence,  the  left 
hand,  as  shown  in  Fig.  264,7/  is  used  in  determining  the  relations 
of  the  directions  for  a  motor.  The  direction  of  the  armature  cur- 
rent in  a  motor  is  always  in  the  direction  of  the  impressed  e.m.f. 
It  follows  that  the  direction  of  current  in  a  motor  is  opposite  to 
that  of  the  current  in  the  same  machine  if  operated  as  a  generator. 

639.  The  Direction  of  Rotation  of  a  Motor  and  the  Method  of 
Reversing  the  Direction  of  Rotation  can  be  ascertained  by  apply- 
ing the  left-hand  rule  of  Fig.  264,77.  If  a  machine  operating  as 
a  generator  is  being  rotated  in  a  certain  direction,  clockwise  for 
example,  the  same  identical  machine  will,  if  a  current  is  forced 
through  it  making  it  operate  as  a  motor,  rotate  in  the  same  clock- 
wise direction  (Art.  521).  That  is,  if  a  machine  is  to  be  operated 
as  a  motor,  the  current  must  be  forced  through  its  armature  in  a 
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direction  opposite  to  the  direction  in  which  the  current  flows  in 
the  armature  when  the  machine  is  operating  as  a  generator. 

Note. — A  consideration  of  the  hand  rule  of  Art.  513  will  indicate  that  the 
direction  of  rotation  is  determined  by  the  relative  directions  of  armature 
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Fio.  360. — Field  distortion  cauBed  by  armature  reaction  (motor). 

current  and  flux.  If  follows  that  to  change  the  direction  of  rotation  the 
direction  of  eiXher  the  flux  or  of  the  armature  current  should  be  reversed. 
Hence,  to  reverse  the  rotaiional  direction  of  a  motor  reverse  EITHER  the  field- 
coil  connections  or  the  armature  connections.  Do  not  reverse  both.  Obvi- 
ously, if  both  fhix  and  armature  current  are  reversed,  their  directions  aa  re- 
lated to  one  another  remain  the  same 
and  the  change  will  have  no  effect  on 
the  rotational  direction  of  the  arma- 
ture. Verify  this  statement  by  apply- 
ing the  left-hand  rule  (Fig.  254,//). 
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Fig.  361 . — Showing  how  the  brushes 
of  a  motor  should  be  shifted  behind 
the  neutral  plane  to  promote  sparkless 
commutation. 


640.  Commutation  in  Motors 
involves  the  same  principles  as 
does  commutation  in  generators 
(Art.  680) .  In  this  respect  motor 
commutation  is  similar  to  motor 
armature  reaction.  But  with 
motor  armature  reaction  the  field  distortion  is  hack  (Fig.  360); 
instead  of  ahead  as  in  generators.  Hence,  in  a  motor  the 
neutral  plane  is  hcLck  of  or  behind  the  normal  neutral  plane  (Art. 
581).  The  brushes  of  a  motor  then  are  given  a  backward  lead. 
The  commutating  plane  of  a  motor  is  a  trifle  back  of  the  neutral 
plane  (Fig.  361),  when  the  brushes  are  set  in  the  plane  of  spark- 
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less  commutation  (Art.  688).  The  motor  brushes  are  thus  lo- 
cated so  that  when  any  armature  coil  rotates  into  the  location 
where  commutation  occurs  there  will  then  be  no  current  flowing 
in  the  coil.  That  is,  the  brush  short-circuits  the  coil  (Fig.  361) 
before  it  rotates  into  the  neutral  location  where  it  will  cease  to 
cut  flux. 

In  a  motor,  the  cutting  of  flux  by  an  armature  conductor  in- 
duces a  coimter  e.m.f.  opposite  in  direction  to  the  current  which 
is  flowing  in  the  armature  and  which  is  causing  the  motor  to 
rotate.  Hence,  if  the  brushes  are  shifted  back  of  the  neutral 
plane  just  the  right  distance,  the  counter  e.m.f.  induced  by  the 
armature  conductors  cutting  fiux  will  be  just  equal  to  the  e.m.f 
of  self-induction  developed  when  the  short-circuited  coU  circuit 
(o.  Fig.  361)  is  opened  by  the  commutator  bar  B  rotating  from 
under  the  brush.  As  noted  in  Art.  464,  the  direction  of  an  e.m.f. 
of  self-induction  is  always  such  that  it  opposes  any  change. 
Therefore,  in  an  armature  coil,  the  e.m.f.  of  self-induction  at 
the  instant  of  conamutation  tends  to  maintain  the  current  in  the 
coil  in  the  same  direction  as  that  in  which  it  was  flowing  prior  to 
the  instant  of  commutation.  For  sparkless  commutation,  the 
motor  counter  e.m.f.  should  neutralize  the  e.m.f.  of  self-induction 
in  the  coil  at  the  instant  of  commutation. 

641.  Commutating  Poles  Insure  Sparkless  Commutation  in 
Motors  because  their  effect  in  a  motor  is  essentially  the  same 
as  in  a  generator  and  as  described  in  Art.  591.  Where  motors 
are  subject  to  extreme  changes  in  load  or  to  sudden  reversal  in 
rotational  direction  they  are,  if  of  ordinary  construction,  prone 
to  spark.  Furthermore,  with  motors  of  ordinary  construction, 
it  is  usually  necessary  to  shift  the  brushes  as  the  load  changes  to 
insure  minimum  sparking.  With  well-designed  commutating- 
pole  motors  sparking  does  not  occur  even  when  the  motors  are 
operating  under  heavy  overloads  or  when  they  are  suddenly 
reversed  under  load.  It  is  not  necessary  nor  desirable  to  change 
the  brush  setting — ^the  brush  position — of  a  motor  of  this  type 
after  the  best  brush  location  has  once  been  determined  (see  Art. 
591).  Fig.  321  shows  the  appearance  of  a  commutating-pole 
motor  frame — the  construction  of  the  motors  and  generators  of 
this  type  is  practically  identical.    See  Electrical  Machinery. 

642.  Armature  Reaction  in  Motors  is,  as  might  be  inferred  from 
the  fact  that  any  generator  will  operate  as  a  motor  (Art.  628), 
similar  to  armature  reaction  in  generators.     However,  the  cur- 
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rent  in  a  motor  armature,  which  is  rotating,  say,  clockwise  is  in 
the  opposite  direction  from  the  current  in  the  armature  of  the  same 
machine  when  it  is  operating  as  a  generator  and  rotating  clock- 
wise. This  renders  motor  armature  reaction  diflferent  in  detail 
from  generator  armature  reaction.  However  the  essential  prin- 
ciples involved  are  those  outlined  under  Generator  Armature 
Reaction  in  Art.  683. 

Explanation. — Consider  the  generator  armature  which  is  shown  dia- 
grammatically  in  Fig.  318  and  which  is  rotating  counterclockwise:  The  cur- 
rent direction  in  the  inductors  on  the  right  of  the  neutral  plane  is  in,  while 
that  in  the  inductors  on  the  left  of  the  plane  is  out.  Now  if  this  same  gen- 
erator be  operated  as  a  motor  by  forcing  a  current  through  it,  obviously  the 
direction  of  current  in  the  motor  armature  will  be  reversed.  But,  the  direc- 
tion of  rotation  of  the  armature  will  remain  the  same  (hand  rule.  Fig.  254,  //). 
Then,  the  current  in  those  inductors  on  the  motor  armature  on  the  right  of 
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Fio.  362. — Showing  the  two  fields  which  cause  armature  reaction   and   field 

distortion  (motor). 

the  neutral  plane  will  be  <m/  while  that  in  the  inductors  on  the  left  of  the 
neutral  plane  will  be  in,  as  shown  in  Fig.  362,//,  and  in  Fig.  360. 

This  reversal  of  direction  of  the  armature  current  will  magnetize  the 
armature  core  in  a  direction  opposite  to  the  direction  of  magnetization  of 
the  generator  armature  core  as  shown  in  Fig.  362,//.  Since  the  direction 
of  the  field-current  field  remains  the  same  (Fig.  362,/)  in  a  motor  as  in  a 
generator  the  field  of  the  motor  will  be  distorted  as  shown  in  Fig.  360,///. 
Note  that  the  field  distortion  in  a  motor  is  in  the  opposite  direction  to  that 
in  a  generator.  Then  the  neutral  plane  will  be  shifted  hack  (against  the 
direction  of  rotation)  as  shown  in  ///. 

The  reader  should  compare  carefully  the  illustrations  showing  generaUyr 
armature  reaction  with  those  showing  motor  armature  reaction.  Note  par- 
ticularly that,  in  the  diagrams  illustrating  these  conditions  which  are  given 
in  this  book,  the  direction  of  rotation  of  generator  armature  and  of  the  motor 
armature  is  the  same.  With  the  generator  the  field  is  distorted  ahead;  in 
the  motor  the  field  is  distorted  back.     Hence,  the  neutral  plane  is  ahead  of 
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the  nonnal  neutral  plane  in  a  generator  and  hack  of  the  normal  neutral  plane 
in  a  motor. 

643.  A  Speed-torque  Classification  of  Loads  That  May  Be 
Driven  by  Direct-current  Motors  should  be  considered.  Motors 
of  the  different  types  described  herein  (Art.  644)  have  different 
operating  characteristics  which  determine  their  adaptabiUties 
for  different  classes  of  work.  The  different  kinds  of  loads  which 
motors  may  be  called  upon  to  drive  may  be  divided  into  three 
classifications  thus: 

Characteristics         ( 1.  Constant  torque  at  variable  speed. 

of  I  2.  Variable  torque  at  constant  speed. 

motor  loads  I  3.  Variable  torque  at  variable  speed. 

Loads  of  Constant  Torque  at  Variable  Speed  are  those  where  the 
load — ^torque — (Art.  173)  is  always  practically  constant  but  where  the  speed 
at  which  the  load  is  raised  or  driven  must  be  varied.  Cranes,  hoists  and 
elevators  offer  loads  of  this  character.  Series  motors  (Art.  661)  have  char- 
acteristics which  render  them  adaptable  for  driving  such  loads. 

Loads  of  Variable  Torque  at  Constant  Speed  are  those  imposed  by 
machine  tools  such  as  lathes,  plane]:s  and  saws  by  line  shafts  and  by  all 
other  machinery  the  speeds  of  which  must  be  maintained  practically  con- 
stant but  the  loads  of  which  may  be  almost  zero  at  one  instant  and  con- 
siderable a  few  instants  later  or  may  vary  more  or  less  at  different  times. 
Shunt  (Art.  646)  and  compound  motors  (Art.  669)  are  adapted  for  such 
services. 

Loads  of  Variable  Torque  at  Variable  Speed  are  those  such  as  im- 
posed by  railway  traction  loads.  For  example,  in  starting  a  car,  the  torque 
required  is  a  maximum  while  the  speed  is  a  minimum.  After  the  car  has 
been  started  the  torque  required  decreases  but  the  si>eed  increases.  Series 
motors  (Art.  661)  have  characteristics  which  adapt  them  for  such  service. 

644.  Speed  Characteristics.  The  Three  General  Types  of 
Motors,  classified  in  accordance  with  the  method  whereby  the 
field  windings  are  connected^  are  the  same  as  the  three  general 
types  of  generators,  viz.:  (1)  Shunt,  (2)  Series  and  (3)  Com- 
pound. Each  of  the  three  types  is  discussed  in  following  articles. 
Just  as  the  generators  of  the  different  types  have  different  char- 
acteristics, the  motors  of  the  different  types  also  have  different 
characteristics.  When  one  speaks  of  the  characteristic  of  a  gener- 
ator it  is  ordinarily  its  voUage  characteristic  which  is  referred  to,  the 
speed  of  the  machine  remaining  constant  and  the  load  varying. 
In  speaking  of  the  characteristic  of  a  motor,  it  is  the  speed  char- 
acteristic which  is  referred  to,  the  impressed  voltage  remain- 
ing constant  and  the  load  varying.     This  follows  because  motors 
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practically  always  operate  from  constant-voltage  circuits  while 
generators  are  practically  always  driven  by  constant-speed 
prime  movers. 

Note. — Aa  will  be  shown,  the  speed  characteristics  of  motors  of  the  differ- 
ent types  (shunt,  series  or  compound)  are  similar  to  the  voltage  character- 
istics of  generators  of  the  corresponding  types.  For  example:  A  generator 
of  a  type  which  will  maintain  a  practically  constant  voltage  while  the  load 
which  it  is  serving  changes,  its  speed  remaining  constant,  will,  when  operated 
as  a  motor,  maintain  a  practically  constant  speed  when  its  load  varies,  the 
impressed  voltage  remaining  constant. 

644A.  "Speed  Regulation"  and  "Speed  Control"  are  two  terms 
that  have  certain  specific  meanings  just  as  do  the  terms  ^^voUage 
regulation^'  and  ^^voUage  controV  defined  in  Art.  623  in  connec- 
tion with  generators.  Speed  regtdation  refers  to  changes  in 
speed  caused  by  the  interactions  inherent  to  and  within  the 
motor  itself  as  the  load  driven  by  it  decreases  or  increases.  Speed 
control  refers  to  changes  in  speed  effected  by  the  hand  or  by  the 
automatic  manipulation  of  some  device^  usually  external  to  the 
motor  itself,  whereby  the  speed  of  the  motor  is  changed. 

646.  The  Speed  Regulation  of  a  Motor  may  be  expressed  aft 
a  percentage  calculated  thus: 

,^.„.         „      -         ,  ^.          No-load  r. p.m.  " Full-load  r.p.m 
(148)        Speed  regvMwn F»H-t<>ad  r.p.m. 

In  words:  The  speed  regulation  of  a  motor  is  the  percentage  of 
the  full-load  speed  that  the  speed  of  the  motor  decreases  from  no 
load  to  full-load. 

ExAMFLB. — If  the  speed  of  a  motor  at  no-load  is  1,800  r.p.m.  and  its  speed 
at  full-load  is  1,720  r.p.m.,  its  speed  regulation  is  (1,800-1,720)  ■^  1,720  = 
80  -^  1,720  =  0.047  =  4.7  per  cent,  speed  regtUation, 

Example. — If  a  motor  has  a  speed  regulation  of  5  per  cent,  and  its  no- 
load  speed  is  1,000  r.p.m.  its  full-load  speed  will  be  1,000  -^  1.05  «  952  r.p.m. 

Example. — If  a  motor  has  a  speed  regulation  of  4  per  c^nt.  and  its  full- 
load  speed  is  800  r.p.m.,  its  no-load  speed  will  be:  800  +  (800  X  0.04)  =832 
r.p.m. 
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THE  SHUNT  MOTOR  AND  ITS  STARTING 
AND  CONTROL 

646.  The  Shunt  Motor  (Fig.  363)  will  be  considered  first  be- 
cause its  characteristics  adapt  it  to  so  many  appUcations  that  it 
is  used  more  frequently  than  are  direct-current  motors  of  any  of 
the  other  t3rpes.  Its  most  im- 
portant characteristic  is  that, 
with  a  constant  (unvarying)  im- 
pressed voltage  it  will  maintain 
practically-constant  speed  under 
wide  variations  in  load.  Why 
this  is  true  will  be  explained. 
Commercial  shunt  motors  are 
practically  identical  in  construc- 
tion with  shunt  generators  as 
described  in  Art.  559.  Any 
shunt  motor  may  be  operated  as  a  generator  and  vice  versa.  The 
characteristic  graphs  of  a  shunt  motor  and  of  a  series  motor 
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Fig.  363. — The  elements  of  a  shunt 
motor. 
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Fio.  364  —Characteristic  graphs  of  shunt  and  series  motors. 


are  shown  side  by  side  in  Fig.  364  for  comparison.  In  Fig. 
365  the  characteristic  graphs  of  a  direct-current  compound- 
wound  motor  are  given. 
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647.  The  Explanation  of  the  Speed  Regulation  of  the  Shunt 
Motor,  that  is,  why  a  shunt  motor  always  maintains  a  practically 
constant  speed  even  when  its  load  varies  widely  is  this: 

Explanation. — Consider  the  diagrammatic  illustration  of  a  shunt 
motor  shown  in  Fig.  363,  which  indicates  only  the  essentials.  Assume  that 
the  switch  is  closed,  impressing  a  constant  voltage  across  AB,  This  will 
excite  the  field  winding  and  its  excitation  current  and  field  strength  will 
remain  constant  as  long  as  the  impressed  e.m.f.  remains  constant.  Further- 
more, current  will  be  forced  through  the  armature.  (In  practice,  resistance 
is  inserted  in  the  armature  circuit  when  a  motor  is  started,  as  described  in 
Art.  633  but  this  feature  will,  for  the  present,  be  disregarded.)  Due  to  the 
interaction  of  the  shunt-winding  field  and  the  field  developed  by  the  current 
in  the  armature  conductors  (Art.  627),  the  armature  will  start  to  rotate  and 
it  will  "speed  up''  until  it  attains  some  certain  speed  such  that  the  counter 
e.mj,  induced  in  it  (Art.  632)  plus  the  I  X  Ra  drop  in  it  just  equals  the 
impressed  voltage.     Obviously  the  speed  thus  attained  will  be  determined 

by  the  design — field  strength,  number 
of  armature  conductors,  etc. — of  the 
motor  in  question. 

Practically,  it  may  be  assumed 
that  the  counter  e.m.f.  when  the 
motor  is  operating  at  no  load  is  equal 
to  the  impressed  e.m.f.  because,  at 
no-load,  the  I  X  Ra  drop  is  very 
small.  Hence,  at  no-load,  practically 
no  current  is  forced  through  the  motor 
by  the  voltage  of  the  line.  The  power 
then  developed  by  the  motor,  assum- 
ing for  simplicity  that  it  is  100  per 
cent,  efficient  will  be,  in  watts  (Art. 
14),  equal  to  the  product  of  the  impressed  voltage  and  the  current.  Since  the 
current,  at  no-load,  is  very  small,  the  power  developed  at  no-load  will  be 
correspondingly  small.  All  that  is  then  produced  will  be  lost  in  over- 
coming the  internal  friction  and  windage  of  the  machine  (Art.  611)  and 
electrical  losses.  None  will  be  available  at  the  motor  shaft  for  pulling 
the  load. 

Now  assume  that  the  load  which  the  motor  is  turning  is  increased  con- 
siderably. The  motor  will  "slow  down" — not  much,  only  a  very  little. 
The  armature  conductors  will  cut  a  smaller  number  of  lines  per  second  and 
hence  will  induce  a  smaller  counter  e.m.f.  This  will  permit  the  forcing«of 
the  greater  current,  necessary  to  pull  the  load,  from  the  line  through  the 
armature.  However,  as  will  be  shown  (Art.  648),  a  very  slight  decrease  in 
armature  speed  (counter  e.m.f.)  allows  a  considerably  greater  current  to 
flow  through  the  armature,  so  that  the  motor  will  maintain  practically  the 
same  speed  when  pulling  this  considerable  load  as  it  did  when  it  was  pulling 
no  load  at  all.  Again,  the  power  developed  by  the  motor  will  be  equal  to 
volts'  X  amperesj  but  now  the  current  is  considerable  and  the  power  developed 
will  be  correspondingly  great. 
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Fio.  365. — Characteristic  graphs  of  a 
compound-wound  motor. 
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If  the  load  on  a  shunt  motor  decreasesi  the  armature  will  ''speed  up"  a 
trifle,  thus  inducing  a  greater  counter  e.m.f.  and  effecting  a  material  decrease 
in  the  current  being  forced  through  the  motor.  Furthermore,  the  power  in 
watts  developed  by  the  motor  will  also  equal  volts  X  ampereSf  but  since  the 
current  is  now  smaller  than  before  the  power  developed  will  be  proportionately 
less. 

Thus,  it  is  apparent  that  a  shunt  motor  will  maintain  practi- 
cally constant  speed  as  the  load  it  is  pulling  varies  and  that  it 
automatically  regulates  the  intensity  of  the  current  forced 
through  it  at  any  instant  in  proportion  to  the  load  it  is  pulling 
at  that  instant.  Numerical  examples  further  illustrating  this 
condition  are  given  under  Art.  648. 

648.  The  Automatic  Speed  Regulation  of  the  Shunt  Motor 
May  Be  Explained  Numerically  thus:  From  Art.  629,  formula 
(139),  the  force  tending  to  thrust  a  current-carrying  conductor 
from  a  magnetic  field  is: 

(149)  Fib.  =  0.000000088  X  Ia  X  L  X  B  (lb.) 

In  a  shunt  motor  operating  on  a  constant-voltage  circuit  the^x 
density,  B,  remains  practically  constant  because  the  cfmrent 
through  the  shunt-field  winding  is  always  about  the  same.  Fur- 
thermore, the  length,  L,  of  the  armature  conductors  in  the  field 
always  remains  constant  in  a  given  armature.  Obviously,  if  the 
torque  of  the  motor  is  to  vary  at  different  loads,  the  armature 
current,  Ia,  must  vary. 

It  has  been  shown  in  Art.  637  that  the  current  through  an 
armature  is:  Ia  =  {E  —  Eb)  -^  Ra-  Hence,  the  armature  cur- 
rent Ia  can  be  increased  only  by  increasing  E,  decreasing  Eb 
or  decreasing  Ra.  But  on  a  constant  voltage  circuit  E  is  con- 
stant and  in  any  given  motor  Ra  is  constant.  It  follows  that  if 
the  armature  current,  hence  torque,  of  any  given  operating  motor 
is  to  be  increased  to  drive  a  greater  load,  its  counter  e.m.f. 
Eb  must  decrease.  The  counter  e.m.f.  of  a  motor  will  be  de- 
creased when  its  armature  rotates  at  a  lower  speed — this  counter 
e.m.f.  varies  directly  as  the  speed  of  rotation  (Art.  634). 

When  then,  the  load  on  a  motor  is  increased,  its  speed  and 
hence  counter  e.m.f.  decrease  somewhat  and  a  greater  current  is 
forced  through  the  armature  from  the  line.  Thereby  the  torque 
of  the  motor  is  materially  increased  and  it  pulls  its  load  at  a  very 
slightly  decreased  speed.    Consider  the  following  example: 

ExAMPi<E. — A  shunt  motor  is  connected  across  a  constant-voltage,  220- 
volt  main.     Its  armature  resistance  is  0.5  ohm.     It  is  operating  at  such  a 
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speed  that  its  counter  e.m.f.  is  215  volts.  Then  the  armature  current  will 
be:  I  "(E  -Eb)  +Ra  '^  (220  -  216)  +  0.6  -  6  +  0.5  -  lOamp.  Now 
assume  that  an  additional  load  is  thrown  on  the  motor  which  decreases  its 
speed  1  per  cent.,  then  the  counter  e.m.f .  will  be  decreased  1  per  cent,  and  will 
be :  0.99  X  21 5  «  213  volU,  Under  these  conditions  the  armature  current  will 
be:  (220  -  213)  -5-  0.6  «  7  +  0.6  -  14  amp.  Thus,  with  a  decrease  of 
only  1  per  cent,  in  speed  the  armature  current  has  been  increased  by: 
(14  -  10)  -5-  10  =  4  +  10  -  0.4  or  40  per  cenf. 

The  power  being  developed  by  the  armature  when  the  armature  current 
was  10  amp.  was:  10  amp.  X  216  voUs  »  2,150  waUs  or  2.88  h.p,  (Art.  164). 
But  with  the  14-amp.  armature  current  the  power  is:  14  amp,  X  213  volU 
=  2,982  watts  or  3.99  h.p.  Obviously  in  this  case  the  power  has  been  in- 
creased by  (3.99  -  2.88)  -s-  2.88  =  1.11  +  2.88  »  0.38  or  38  per  cent. 
(The  increase  in  power  is  not  quite  proportional  to  the  increase  in  current 
shown  in  the  above  article  because  the  I*Ra  watts  power  loss  in  the  armature 
increases  as  the  square  of  the  armature  current).    Thus,  with  a  decrease  in 

speed  of  only  1  per  cent,  the  power  out- 
put of  the  armature  has  been  increased 
38  per  cent. 

649.  Speed  Control  of  Shunt 
Motors  may  be  treated  under  two 
headings:  field  controlf  and  annch 
lure  control.  Field  control  is  the 
most  efficient  and  effective  for  rea- 
sons which  will  be  given,  hence 
will  be  considered  first. 

660.  Field  Control  of  Shunt- 
motor  Speed  is  usually  effected 
with  a  rheostat  as  shown  diagrammatically  in  Fig.  366.  By 
varying  the  resistance  of  this  shunt-field  rheostat,  which  is  con- 
nected in  series  with  the  shunt-field  winding  across  the  constant- 
voltage  main,  the  current  through  the  shunt-field  winding  may 
be  varied  accordmgly.  The  field  of  the  motor  may  thereby  be 
strengthened  or  weakened.  Weakening  the  field  of  a  shimt 
motor  or  of  any  other  kind  of  a  motor  causes  its  speed  to  in- 
crease. Strengthening  the  field  of  a  motor  causes  the  speed  to 
DECREASE.  This  state  of  affairs  is  precisely  tte  opposite  to  that 
which  the  student  usually  anticipates.  Note  the  following 
explanations: 

Explanation. — ^The  simplest  explanation  is,  probably,  this:  Consider  the 
case  of  a  motor  armature,  which  is  developing  a  constant  power  watts  output 
at  different  speeds  and  which  is  fed  from  a  constant  voltage  source.  The  cur- 
rent input  to  the  motor  armature  must  then  be  the  same  at  all  speeds. 

Likewise  the  counter  e.m.f.  must  remain  constant  (Art.  634)  if  the  current 


Fio.  366. — Showing  a  shunt-field 
rheostat  for  speed  control  of  a  shunt 
motor. 
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remains  oonstant.  Now  if  the  field  strength  or  flux  is  weakened,  the  arma- 
ture must  rotate  more  rapidly — ^must  ''speed  up" — ^in  order  to  cut  the  same 
number  of  lines  per  second,  that  is,  to  induce  the  same  counter  e.m.f.,  as 
before.  (Note. — ^With  conditions  as  just  described  that  is  with  constant 
power  output  and  varying  speed,  the  torque  of  the  armature  must  vary 
inversely  as  the  speed.  Such  a  condition  is  seldom  encountered  in  practice. 
The  explanation  of  the  condition  which  is  usually  encountered,  that  is,  one 
where  the  driven  torque  remains  practically  constant  and  the  horse  power 
output  of  the  motor  therefore  varies  with  the  speed,  follows.) 

Explanation. — Where  a  shunt  motor  is  driving  a  load  of  practically 
constant  torque,  a  decrease  in  field  current,  and  hence  flux,  will  cause  the 
counter  e.m.f.  to  decrease  just  as  above  described.  Thereby,  a  greater 
current  will  be  forced  from  the  line  through  the  armature.  Now  the  in- 
crease in  armature  current  is  much  greater  proportionately  than  the  decrease 
in  flux.  Hence,  the  torque  (Art.  176)  will  be  increased  and  the  armature 
speed  will  increase  proportionately.  The  following  specific  example  illus- 
trates numerically  how  the  thing  works  out. 

Example. — First, — Consider  the  case  of  a  15-h.p.,  220-volt  shunt-wound 
motor,  having  an  armature  resistance  of  0.2  ohm,  which  is  pulling  its  full 
rated  load  at  a  speed  of  1,000  r.p.m.  and  taking  at  this  load  and  speed  an 
armature  current  of  55  amp. 

Second. — Then  note  how  the  speed  increases  when  the  field  flux  is  de- 
creased by  10  per  cent. 

With  the  Motor  Opsratinq  at  Ratbd  Load  and  Speed  as  Above: 
The  torque  developed  by  the  motor  (Art.  176)  will  be: 

f.    „        h.p  X  33,000  15  X  33,000  ^aa^u     *  t  /*      j- 

(^)    ^  -  2XxXr!p.m."2X3.14X1000"  ^^'^^^'  **  ^  ^'-  "^*^*- 

The  counter  e.m.f.  (Art.  636)  is: 

Eb  ->£  -  {IaX  Ra)  -  220  ^  (55  X  0.2)  =  220  -  11.0  «  209voU8, 

With  the  Flux  Decreased  bt  10  per  cent.  :  At  this  instant  the  counter 

e.m.f.  will  then  (Art.  636)  obviously  be  0.9  of  what  it  was  formerly,  or  it 

will  be:  0.9  X  209  =  188  volts.    Then  the  armature  current  will  be  (Art. 

636): 

-        E  -Eb      220-188       32       ,^^ 

Ia ^^ ^ 5-2 -160  amp. 

That  is,  the  armature  current  is:  160  -s-  55  "2.9  times  or  290  per  cent, 
as  great  as  it  was.  Now  since  the  torque  is  proportional  to  the  product  of 
the  flux  and  the  armature  current  (Art.  630)  the  torque  has  now  been  in- 
creased to: 

(d)  ^t<       78.6  X  (0.9  X  2.9)  =  205  lb.  at  I  ft,  radius. 

Thus,  the  torque  developed  by  the  motor  has  been  increased:  205  +  78.6 
»  2.6  times.  It  follows  that  the  motor  will  speed  up  accordingly.  It  will 
run  2.6  times  as  fast  as  it  did  originally. 

661.  Speed  Variation  by  Field  Control  Is,  in  Practice,  Limited. 

— ^Non-commutating-pole  motors  are  designed  to  operate  at  some 
certain  speed  and  with  the  iron  of  their  magnetic  circuits  then 
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practically  saturated  (Art.  248).  Hence  it  is  mot  feasible  to 
materially  strengthen  their  iSelds  and  thus  decrease  the  speed 
much  below  normal.  Conversely,  if  the  field  flux  of  such  a  motor 
is  decreased  too  greatly,  excessive  sparking  at  the  comimutator 
results  because  the  field  is  then  too  weak  to  induce  a  counter 
e.m.f .  that  will  neutralize  the  e.m.f.  of  self-induction  of  the  arm- 
ature coils  (Art.  588)  which  produces  sparking.  The  self-induc- 
tive action  of  the  armature  coils  is  obviously  increased  as  the 
armature  speed  is  increased.  Non-commutating-pole  motors 
can  not,  ordinarily,  be  operated  at  speeds  greater  than  65  to  70 
per  cent,  above  normal.  Commutating  pole  motors  (Art.  641) 
may  be  obtained  whereby  a  speed  variation  as  great  as  6  to  1 

...  >    ..  ..^    ^  can  be  readily  secured. 

"*"  ^  >  662.  ''Armature     Contror*    of 

•  ^y7w?vr^i| :  Shunt-motor  Speed  is  effected  by 

K    /Ol^/\     inserting  a  rheostat  in  series  be- 

^^P!.r^^^  fe    /Syy^^    tween  the  source  of  e.m.f.  and  the 

Winding >(^     [ — If;  srj  •  •)  •— i 

vK    \yi^!l^\j  armature,  as  shown  m  Fig.  367  and 

vfe     ^^<T>^  then  by  varying  the  effective  re- 

r    ^^^"^  jK  sistance  of  this  rheostat.    Thus 

_  .\sj\j\/\/^^^J^i\^  the  voltage  impressed  on  the  arma- 

-^"^J^rmature  Circuit  Rheostat  turc  may  be  Varied  (decreased) 

Fio.  367.-Showing  armature-  ^^}  ^"^^  ^^^  ^Ue  tO  the  shunt-field 
circuit  rheostat  for  speed  control  of  winding    is    not    affected.      Obvi- 

a  s  unt  motor.  ously,  a  decrease  in  the  pressure 

across  the  armature  decreases  the  armature  current.  Now 
(Art.  630)  the  torque  of  a  motor  varies  as  the  product  of  arma- 
ture current  /x  and  the  flux  ^p.  Hence,  since  ^p  remains 
practically  constant,  a  variation  in  the  armature  current  will  pro- 
duce a  corresponding  variation  in  torque  developed  and  speed. 
Therefore,  the  speed  of  a  shunt  motor  can  be  decreased  by 
inserting  resistance  in  its  armature  circuit. 

663.  There  Are  Two  Objections  to  Armature  Control  and  be- 
cause of  these  it  is  seldom  used  except  for  the  starting  of  shunt 
motors  (Art.  655)  and  for  certain  special  applications. 

Fir^t — ^Armature  control  is  wasteful  as  with  it  there  is  a  con- 
siderable P  X  R  power  loss  (Art.  167)  in  the  control  rheostat. 
This  loss  varies  as  the  square  of  the  armature  current. 

Second, — The  speed  regulation  of  an  armature-controlled  shunt 
motor  operating  at  any  speed  less  than  maximum  is  poor.  The 
speed  regulation  of  a  field-controlled  shunt  motor  is  good  because 
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with  such  a  motor  the  armature  is  connected  directly  across  a 
source  of  a  constant  e.m.f .  The  e.m.f.  across  an  armature-con- 
trolled armature  varies  as  the  current  through  the  armature  and 
the  voltage  drop  in  the  control  resistance  varies. 

654.  Resistance  Is  Required  in  Series  with  the  Armature  in 
Starting  a  Shunt  Motor,  to  prevent  an  excessive  current  from 
flowing  through  the  armature  before  the  armature  has  had  time 
to  commence  rotation  and  thereby  induce  a  counter  e.m.f.  This 
device  and  its  function  were  described  briefly  in  Art.  633.  Re- 
sistors of  practically  the  same  construction  and  connected  in 
practically  the  same  manner  are  used  with  series  and  compound 


CurveShowing  Variation  of 
Current  Through  Arntafure) 


Fia.  368. — Simplified    connections  of 
shunt  motor  and  starting  rheostat. 
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Fio.  369. — Indicating  how  the  cur- 
rent through  an  armature  may  be 
limited  with  a  starting  rheostat. 


as  with  shunt  motors, 
formula  will  be  true: 

(150) 


With  a  resistance  In  circuit  the  following 


/x  = 


K  —  £b 


(amp.) 


Wherein  I  a  =  current,  in  amperes,  through  the  armature.  E  = 
e.m.f.  impressed  on  motor  and  rheostat,  in  volts,  Fig.  368.  Eb  = 
counter  e.m.f.,  in  volts,  induced  in  the  motor  armature.  Rx  = 
resistance  of  armature  circuit,  in  ohms.  Rb  =  resistance  of 
starting  rheostat,  in  ohms. 

Note. — At  the  instant  when  the  motor  is  started,  there  is  no  counter 
e.m.f.,  that  is,  Eb  is  then  zero.  Therefore,  the  current  through  the  armature 
at  this  instant  is:  J^i  ^  E  -i-  (Ra  +  Rb)-  Hence,  at  the  instant  of  starting, 
enough  starting  resistance,  Rb^  must  be  cut  in  series  with  the  armature  to 
limit  the  starting  current  to  a  reasonable  value,  one  which  will  not  dangerously 
heat  the  machine  and  cause  excessive  sparking  at  the  commutator.  The 
maximum  (Fig.  369)  starting  current  permissible  is  usually  assumed    as 
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that  intensity  which  if  exceeded  would  injure  the  motor  windingSi  cause 
excessive  sparking  and  pronounced  line  voltage  drop.  In  practice  the 
maximum  starting  current  is  limited  to  about  1.5  times  normal  full-load 
current.  The  minimum  starting  current  permissible  is  that  necessary  to 
develop  the  required  starting  torque. 

Frequently  the  total  resistance  of  the  rheostat  is  made  such  that  with  all 
this  resistance  {Ri,  Figs.  368  and  369)  in  circuit  with  the  armature,  50  per 
cent,  of  the  normal  starting  current  will  flow  through  the  armature.  That 
is,  when  the  contact  arm  of  Fig.  368  is  on  contact  button  '4/'  one-half 
the  normal  starting  current  will  flow  as  shown  in  Fig.  369.  This  current  is, 
since  it  is  only  one-half  normal,  insufficient  to  start  the  motor,  assuming 
that  is  must  develop  full-load  torque  to  start. 

When  the  arm  is  moved  to  button  "2,"  the  rheostat  resistance  then  in 
series  is  such  that  the  normal  starting  current  flows  through  the  armature 
as  shown  in  Fig.  369.  This  may  not  be  a  great  enough  current  to  start  the 
load.  But  when  the  arm  is  moved  to  button  ''3''  the  maximum  permissible 
current  will  be  forced  through  the  armature  from  the  line  and  the  load  should 
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Fio.  370. — Showing  the  connectioiiB  between  a  starting  rheostat  and  the  shunt 
motor  which  it  serves. 


start.    As  the  motor  increases  its  speed  its  counter  e.m.f .  increases  and  the 
current  decreases,  as  shown  in  the  diagram  of  Fig.  369. 

The  contact  arm  is  then  shifted  successively  over  the  other  contact 
buttons  until  it  rests  on  button  "5."  Now  all  of  the  rheostat  resistance 
is  cut  out,  the  only  resistance  in  the  armature  circuit  being  that  (22i)  of  the 
armature  itself,  because  the  motor  armature  is  now  inducing  a  sufficiently 
high  counter  e.m.f.  to  itself  limit  the  current  through  the  armature. 

666.  A  Starting  Rheostat  for  a  Shunt  Motor  or  Compound 
Motor  or  as  it  is  sometimes  called  ''a  starting  box"  is  a  device 
wherein  are  assembled  the  devices  essential  for  the  starting  of 
the  motor  and  frequently  those  for  the  protection,  of  the  motor 
after  it  is  in  operation,  and  of  the  circuits  which  feed  it.  (The 
term  "starting  rheostat"  as  it  is  commonly  used  implies  more 
than  merely  a  starting  adjustable  rheostat.)  Fig.  370  shows 
diagrammatically  a  "starting  rheostat"  of  the  simplest  type. 
The  variations  in  practice  to  satisfy  the  many  possible  condi- 
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tiouB  are  almost  endless.  See  the  author's  American  Elbctri- 
aAN's  Handbook  for  detailed  descriptions.  A  commercial  shunt 
or  compound  motor  starting  rheostat  usually  comprises: 

First. — ^An  adjustable  resistor  or  starting  rheostat  pure  and  simple,  the 
function  of  which  is  to  limit  the  armature  current  at  starting  as  described 
in  Arts.  652  and  654. 

Second. — ^A  no-voltage  release,  described  below. 

Third. — ^A  no-field  release,  described  below. 

Fourth. — ^An  overload  release,  described  below;  this  device  is  frequently 
omitted. 

666.  The  Operation  in  Starting  a  Shunt  Motor  is  as  follows: 
The  line  switch  is  closed,  impressing  the  line  voltage  across 
brush  B  and  metallic  swinging  arm  C  (Fig.  370).  Then  the  arm 
is  moved  up  to  contact  with  button  1.  This  connects  both  the 
armature  and  the  field  circuits  to  the  line  and  current  is  forced 
therefrom  through  each.  The  current  through  the  armature, 
which  is  small,  being  limited  by  the  starting  resistance  as  de- 
scribed in  preceding  Art.  655,  flows  via  the  route:  Li,  L,  C,  1,  8, 
A,  Bif  Bif  D,  Li.  The  path  of  the  field  current  is:  Li,  L,  C,  1,  M, 
F,  TT,  2>,  Li. 

NoTB  then,  that  when  the  arm  is  on  the  first  button,  a  small  current 
flows  through  the  armature  and  that  the  field  winding  is  connected  directly 
across  the  line.  (Magnet  winding  Af  is  in  practice  of  very  low  resistance 
as  compared  with  the  resistance  of  the  shunt-field  winding.)  So  the  field 
is  strong — a  maximum — and  the  armature  current  weak.  Now  the  arm  is 
moved  successively  over  buttons  2,  3,  4,  etc.,  with  a  pause  at  each  button. 
The  current  through,  and  the  torque  of,  the  armature  will  be  thereby  grad- 
ually increased  as  described  in  preceding  Art.  633.  The  field  is  weakened 
slightly  as  the  arm  advances  because  of  the  insertion  thereby  of  the  armature 
resistance  in  the  field  circuit.  This  weakening  of  the  field  tends  to  assist 
in  "speeding  up''  the  armature  (Art.  650).  From  15  to  30  sec.  should 
ordinarily  be  consumed  in  starting  a  motor. 

Finally,  the  arm  is  moved  to  contact  with  button  8.  It  is  held  there  by 
the  attraction  of  magnet  M  on  iron  keeper  K,  which  is  attached  to  the  arm. 
The  field  current  actuates  JIf ,  the  functions  of  which  are  treated  in  detail 
below.  With  the  arm  on  8,  the  armature  is  connected  directly  across  the 
line  and  the  field  winding  is  across  the  line  in  series  with  M  and  the  starting 
resistance.  The  combined  resistance  of  the  starting  resistance  and  M  in 
series  is  small  as  compared  with  the  resistance  of  the  motor-field  winding. 
Hence  the  shunt-field  strength  is  little  affected  thereby. 

667.  To  Stop  the  Motor,  pull  the  line  switch.  Magnet  M 
will  then  be  demagnetized  and  spring  S  will  force  the  arm  back 
to  its  original  position  shown  in  the  illustration. 
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668.  A  No-voltage  Release  Device  is  provided  on  motor- 
starting  rheostats  to  protect  the  motor  and  the  circuits  feeding 
it  against  an  excessive  rush  of  current  in  case  the  line  e.m.f.  is 
discontinued  and  is  then  again  impressed  on  the  motor  without 
the  starting-rheostat  handle  having  first  been  returned  to  the 
starting  position. 

EbcPLANATiON. — ^Aflsume  that  the  starting  rheostat  of  Fig.  370  is  not 
equipped  with  the  no-voltage  release  magnet  M  or  the  spring  b.  Then,  if 
lever  arm  c  were  moved  into  contact  with  button  8,  the  arm  would  remain 
in  that  position,  even  if  the  line  e.m.f.  were  discontinued  because  of  an 
accident  or  otherwise.  Assume  that  the  arm  is  in  contact  with  8,  that 
the  line  e.m.f.  is  discontinued  and  the  motor  armature  slows  down  or  ceases 
to  rotate  in  consequence.  Now  if  the  e.m.f.  is  again  impressed  on  the  line, 
c  still  on  8,  there  would  be  a  very  large  current  forced  through  the  armature 
because  it  would  be  turning  slowly  or  be  at  rest  and  therefore  inducing  a 
small  or  no  counter  e.m.f.  This  excessive  current  would  cause  sparking  at 
the  commutator  and  might  damage  it  or  "bum  out"  the  motor  windings  or 
the  wiring. 

But  with  the  no-voltage  release  magnet  ilf ,  arranged  as  in  Fig.  370,  when 
the  line  e.m.f .  is  discontinued  and  the  armature  ceases  rotating,  M  is  demag- 
netized and  c  is  forced  back  into  the  "off"  position  by  spring  «.  Then  the 
circuit  through  the  motor  is  open  and  the  resumption  of  line  e.m.f.  can  do 
no  harm. 

669.  A  No-field  Release  Device  is  provided  on  motornstarting 
rheostats  to  prevent  the  armature  remaining  connected  to  the 
Une  in  case  the  motor  field  becomes  weak  or  ceases  to  exist. 
Frequentlyi  as  in  the  diagram  of  Fig.  370,  the  same  magnet,  M, 
answers  for  a  no-voltage  and  a  no-field  release. 

Explanation. — ^With  a  weak  field  the  armature  speed  and  sparking  will 
become  excessive  as  suggested  in  Art.  651.  An  armature  rotating  at  a  speed 
much  in  excess  of  that  at  which  it  was  designed  to  operate  may  have  its 
windings  torn  ofif  by  centrifugal  stresses.  With  no  field  at  all,  the  armature 
will  cease  rotating  and  then,  there  being  no  counter  e.m.f.,  a  dangerous 
current  will  be  forced  through  it.  However,  with  the  holding  magnet  M 
(Fig.  370)  connected  in  the  shunt-field  circuit,  if  this  circuit  opens  or  the 
current  through  it  becomes  too  weak,  iron  keeper  K  will  be  released  and 
arm  c  will  be  forced  back  to  the  "off"  position,  thus  opening  the  circuit. 

660.  An  Overload  Release  on  a  Starting  Rheostat  is  provided 
to  prevent  excessive  current  flowing  through  the  motor  or 
through  the  motor-circuit  wiring,  if  the  motor  is  overloaded  or  if 
a  short-circuit  or  similar  trouble  occurs  on  the  motor  circuit. 
Circuit  breakers  and  fuses  perform  functions  similar  to  that  of 
the  overload  device  and  are  frequently  substituted  for  it,  because 
they  may  protect  both  sides  of  the  circuit  (Fi  and  Fj,  Fig.  370). 
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Usually  an  overload  device  like  that  to  be  described  protects 
only  one  side  of  the  circuit. 

Explanation. — Fig.  371  illustrates  the  principle  of  an  overload  release 
device  of  one  type.  The  holding  magnet,  ilf ,  is  the  same  one  as  the  magnet 
M  in  Fig.  370.  The  overload  release  magnet  is  shown  at  S,  The  low- 
resistance  winding  of  this  magnet  is  in  series  in  one  of  the  line  wires  of  the 
rheostat  so  that  the  motor  current  actuates  it.     This  magnet  ^Sf  is  so  pro- 


fromL/ne 
Fig.  371. — Diagram  of  overload  release  device. 

portioned  that  if  a  current  greater  than  that  which  the  motor  and  circuits 
can  safely  carry  flows  through  it,  it  will  attract  the  iron  keeper  /  which  is 
attached  to  the  metal  arm  Q.  This  will  raise  Q  into  connection  with  contact 
points  Pt  and  Ps.  Thus  a  shunt  or  short-circuit  is  established  around  the 
winding  of  M  which  is  thereby  demagnetized.  Then  the  keeper  K  (Fig. 
370)  which  M  was  holding  will  be  released  and  arm  K  will  be  forced,  by  the 
spring  S,  back  to  its  "off"  position  opening  the  motor  circuit. 
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SERIES  AND  COMPOUND-WOUND  MOTORS 

661.  The  Series  Motor  is  shown  diagrammatically  in  Fig. 
372.  It  consists  merely  of  an  armature  and  series-field  winding, 
connected  in  series,  and  almost  invariably  operated  from  a  con- 
stant e.m.f.  source.  A  constant  impressed  e.m.f.  is  assumed  in 
the  following  discussion.  Obviously  the  current  in  the  armature 
and  in  the  field  winding  must,  at  any  given  instant,  be  the  same. 

662.  The  Characteristics  of  the  Series  Motor  are  shown 
graphically  in  Fig.  364,7/  where  they  may  be  conveniently 
compared  with  those  of  the  shunt  motor  of  /. 

Thb  Tobqub  of  a  SsRifis  MoTOB,  when  the  magnetic-circuit  iron  is 
being  worked  well  below  the  saturation  point  (Art.  248)  varies  nearly  as  the 
square  of  the  current.  Thus,  motors  of  this  type  have  splendid  starting 
torque.    Torque  (Art.  173)  varies  as  the  product  of  flux,  ^/»  and  armature 

current  I  a-  Now  in  a  series  motor, 
if  the  current  is  doubled,  the  flux  is 
also  doubled  (approximately)  since 
the  armature  current  traverses  the 
field  coils.  Hence  the  torque  (pro- 
portional to:  curreni  X  )Iiix)  is  in- 
creased four  times.  When  the  load 
being  driven  by  a  series  motor  in- 
creases, the  motor  slows  down,  hence 
its  counter  e.m.f.  decreases.  Then 
its  current  increases  and  its  torque 
increases  as  the  square  of  the  current  tending  to  assist  the  motor  in  pulling 
the  load. 

The  Speed  op  a  Series  Motor  varies  (Kg.  364,//)  with  the  load.  For 
any  given  horse-power  load  which  a  certain  series  motor  is  driving,  there  will 
be  a  certain  definite  speed.  With  a  heavy  load,  a  series  motor  will  operate 
at  relatively-slow  speed.  With  a  light  load  it  will  operate  at  a  high 
speed.  With  no-load  it  will,  theoretically,  operate  at  an  infinite  speed,  that 
is,  it  wiD  ''run  away."    The  explanation  is  this: 

Explanation. — ^Any  armature  always  tends  to  operate  at  such  a  speed 
that  the  sum  of  the  volts  lost  in  its  armature,  in  IRa  drop,  and  the  volts 
counter  e.m.f.  induced  will  equal  the  impressed  voltage.  At  heavy  loads 
the  current,  and  'consequently  the  IRa  drop  in  a  series  motor  armature,  will 
be  large  and  it  is  not  necessary  for  the  armature  to  rotate  very  rapidly  to 
induce  the  required  counter  e.m.f.     But  suppose  the  load  is  thrown  off  of 
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Fio.  372. — Series  motor  diagram. 
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the  motor.  There  now  being  no  resisting  torque,  the  motor  speeds  up, 
inducing  a  higher  counter  e.m.f.  and  decreasing  the  current  through  the 
field  coil  and  armature.  This  weakens  the  field  causing  a  further  increase 
in  armature  speed  (Art.  650)  which  againTi^creases  the  counter  e.m.f .  With 
a  series  motor  operating  without  load,  this  process  continues  until  the  arma- 
ture "bursts"  due  to  great  centrifugal  stresses. 

663.  A  Comparison  of  the  Characteristics  of  Series  and  Shunt 
Motors  is  given  graphically  in  Fig.  364.  Since  in  the  shunt 
motor  the  field  is  practically  constant,  its  torque  varies  directly 
with  the  current  (approximately).  As  shown  in  Art.  662  the 
torque  of  a  series  motor  varies  almost  as  the  square  of  the  current. 
The  series  motor  has,  then,  a  much  greater  starting  torque 
(ability  to  rotate  something)  than  has  the  shunt  motor..  Hence 
a  series  motor  of  a  given  size  (that  is,  weight)  will  start  a  much 
greater  load  than  will  a  shunt  motor  of  the  same  weight.  The 
shunt  motor  has  a  practically  constant  speed  for  all  loads  within 
its  capacity  (Art.  646)  while  the  series  motor  has  a  certain  speed 
for  each  load — ^its  speed  varies  with  the  load. 

664.  The  Applications  for  Which  the  Series  Motor  Is  Adapted 
are  limited  because  of  its  spe^d  and  torque  characteristics  which 
are  described  above.  The  motor  is  not  adapted  to  drive  loads 
the  power  required  by  which  varies,  and  which  should  be  driven 
at  a  constant  speed.  The  reason  is  that  the  speed  of  a  series 
motor  varies  with  the  load. 

Note. — Hence,  a  series  motor  is  not,  in  general,  adapted  for  machine- 
tool  or  line-shaft  drives.  If  it  is  used  for  such,  the  speed  will  be  low  when 
the  load  driven  is  great  and  high  when  the  driven  load  is  light.  Further- 
more, since  a  series  motor  will  "run  away"  at  no-load,  it  should  be  applied 
only  where  it  can  be  geared  or  otherwise  permanently  connected  to  its 
load.  Crane,  hoist  and  railway  traction  applications  are  good  examples 
of  services  for  which  the  series  motor  is  well  adapted.  In  other  words,  the 
series  motor  is  fitted  for  conditions  where  constant  speed  is  not  necessary 
but  where  great  torque  at  low  speeds  is  desirable. 

666.  In  Starting  Series  Motors,  an  adjustable  resistance  is 
connected,  in  series  with  the  motor  across  the  source  of  impressed 
e.m.f.  (Fig.  373),  to  prevent  an  excessive  rush  of  current  at  the 
instant  of  starting,  while  the  armature  is  stationary  and  inducing 
no  counter  e.m.f.  As  the  armature  attains  speed,  the  effective 
resistance  of  the  rheostat  may  be  decreased  by  turning  the  handle. 
The  function  of  this  starting  resistance  is  the  same  as  that  of  the 
armature  resistance  used  in  starting  a  shunt  motor  and  which  is 
described  in  Art.  654. 
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666.  The  Speed  Control  of  Series  Motors  is  effected  by  chang- 
ing the  resistance  in  circuit  between  the  motor  and  the  source  of 
constant  e.m.f.  The  same  rheostat  Fig.  373  may  be  used  for 
this  as  is  used  for  starting  the  motor,  providing  its  resistors  have 
sufficient  current-carrying  capacity  to  prevent  their  overheating 
in  speed-control  service.  The  method  is  somewhat  similar  to 
armature-speed  control  (Art.  652)  for  shunt  motors.  It  is  sub- 
ject to  the  same  disadvantages.  When  the  effective  resistance 
of  the  rheostat  is  varied,  the  voltage  across  the  armature,  Ea, 
Fig.  373,  is  varied  accordingly  and  the  armature  then  "speeds 
up"  or  "slows  down"  correspondingly  until  its  counter  e.m.f. 
equals  (approximately)  the  e.m.f.,  Ea,  impressed  across  the  arma- 
ture.    Thus  while  it  is  true  that  a  series  motor  has  a  definite 

speed    when    driving  any  given 

..i*'"'*^'?'^^  .    ^  load  with  a  given  e.m.f.  impressed 

+  T\Sl^lQSl3SlSifi!  across  its  armature  (Art.  662)  its 

j  Armah^r^^    JU,        ^peed  wheu  it  is  pulUng  a  given 

I  ^       l^V^>v     ^^^^  ^^^  ^®  altered  by  changing 

|!  I       r^^v-vTM    ^^^  e.m.f.  across  the  armature. 
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this  service.     Shunt  motors  would 

Fio.  373. — Resistance  in  series  with         .  i  ii     j      .    j  ^  n- 

a  series  motor.  ^^^  be  well  adapted  for  propellmg 

a  car  as  they  would  tend  always 
to  drive  the  car  at  about  the  same  speed  and  on  grades  and  in 
starting  the  motors  would  be  greatly  overloaded.  Practically 
all  of  the  cars  in  city  service  are  driven  by  series  direct-current 
motors.  Many  of  the  cars  and  locomotives  in  suburban  and 
trunk  line  service  are  also  driven  by  direct-cm  rent  series  motors 
although  alternating-current  motors  have,  recently,  been  applied, 
to  some  extent,  for  this  work.  Cars  are  equipped  with  two  or 
four  motors  so  that  the  torque  may  be  appUed  at  both  trucks 
and  so  that  series-parallel  control  (Fig.  374)  may  be  used. 

668.  Series-parallel  Car  Control  is  used  principally  because  it 
is  economical.  The  controller  located  on  the  car  platform  and 
operated  by  the  motorman  is  merely  a  rotary  switch  whereby 
the  different  series  and  parallel  connections  of  the  motors  may 
be  effected.     Briefly,  the  operation  is  this: 
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Explanation. — Refer  to  Fig.  374.  Advancing  the  controller  handle  to 
the  first  ''notch"  connects  both  motors,  1  and  2,  in  series  with  all  the  start- 
ing resistance  iiC  in  series  also.  As  the  controller  handle  is  swung  around 
the  starting  resistance  is  gradually  cut  out,  the  car  accelerating  meanwhile, 
until  both  of  the  motors  are  connected  directly  across  the  line  without  any 
intervening  starting  resistance.  Throwing  the  controller  around  another 
notch  connects  the  motors  in  parallel  between  trolley  and  rail  but  again  in 
series  with  all  of  the  starting  resistance  A'C,  As  the  car  accelerates  the 
controller  handle  is  swung  on  around  until  the  motors  are  connected  directly 
in  parallel  between  trolley  and  rail. 

The  notches  whereat  the  motors  are  connected  without  resistance:  (1)  in 
series  between  trolley  and  rail,  and  (2)  in  parallel  bettoeen  trolley  and  rail  are 
termed  running  notches  and  are  shown  by  longer  raised  marks  on  the  con- 
troller top  casting  than  are  the  others.  When  the  controller  handle  pointer 
is  over  either  of  these  markB  no  power  is  being  wasted  in  starting  resistance 
— all  power  taken  from  the  line  (except  motor  losses)  is  being  expended  by 
the  motors  in  propelling  the  car. 


TroZ/ey  Wire 


Raif  Return^- 
I  -  Motors  in  Series  n-  Motors  .in  Parallel 

Fio.  374. — Showing  how  the  two  series  motors  driving  a  street  car  are  first  con- 
nected in  series  and  then  in  parallel. 

Where  the  two  motors  are  connected  in  series,  only  half  the  line  current 
is  required  to  start  the  car  that  would  be  necessary  for  starting  with  the 
motors  in  parallel.  Assume  that  it  takes  50  amp.  through  each  motor  to 
start  the  car.  With  the  motors  in  parallel  100  amp.  would  flow  from  the 
line  but  with  the  motors  in  series  only  50  amp.  flows  from  the  line.  With 
the  motors  in  parallel,  resistance  in  series  with  them  would  be  necessary  to 
limit  the  current  through  each  to  50  amp.  But  With  the  motors  in  series 
each  motor  takes  the  place  of  a  starting  resistance  for  the  other.  Thus  the 
economy  of  series-parallel  control  is  obvious. 

669.  Compound-wound  Direct-current  Motors  partake  of  the 
characteristics  of  both  shunt  and  series  motors  just  as  compound- 
wound  generators  (Art.  560)  partake  of  the  characteristics  of 
both  series  and  shunt  generators.  Fig.  365  shows  typical  char- 
acteristic graphs  for  a  compound-wound  motor.  A  compound- 
wound  motor  may  be  made  to  approximate  more  or  less  the  char- 
acteristics of  a  shunt  or  a  series  motor  respectively  by  making 
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the  ampere-turns  of  its  shunt  or  series  lyindings  more  or  less 
powerful  proportionately.  The  elementary  connections  of  a 
compound-wound  motor  are  the  same  as  those  of  Fig.  296  for  a 
compound-wound  generator. 

670.  A  DifFerential-compound  Motor  has  its  windings  con- 
nected as  shown  in  Fig.  375,/.  Its  series-field  winding  "bucks" 
or  opposes  its  shunt-field  winding.  A  motor  of  this  type  can  be 
arranged  to  operate  at  an  almost  exactly  constant  speed  under 
yar3dng  load.  As  the  load  increases  and  the  motor  tends  to 
"slow  down''  the  series-field  magnetization  increases  and  since 
it  opposes  the  shunt-field  magnetization  (which  is  normally 
greater  than  the  series  magnetization)  the  resultant  field  is  weak- 
ened and  the  motor  maintains  the  same  speed  as  before.  Of 
course,  the  proportion  of  shunt-field  turns  and  series-field  turns 


I-Oifferential  Compoond  n-Cymulative  Compound 

Fio.  375. — Diagrams  of  differential  and  cumulative  compound- wound  motors 


must  be  exactly  correct  if  this  result  is  to  be  attained.  If  the 
ratio  of  turns  is  such  that  the  series  turns  are  more  powerful 
than  the  shunt  turns,  the  motor  will  "speed  up"  under  increased 
load.  The  speed  regulation  of  a  dififerential-compound  motor 
may  be  closer  than  that  of  a  shunt  motor  but  its  starting  torque 
is  not  as  great. 

671.  A  Cumulatiye  Compound  Motor  is  so  connected  that  its 
series  turns  augment  the  shunt-turns  magnetization  as  shown  in 
Fig.  375,7/.  A  motor  thus  connected  will  have  strong  starting 
torque — stronger  than  that  of  a  shunt  motor  but  its  speed  regu- 
lation will  not  be  as  good.  Motors  of  this  type  are  used  for  shears, 
rolls  and  similar  appUcations  where  close  speed  regulation  is  not 
necessary  but  where  great  torque  may  be  desirable  at  starting 
and  while  running.     Frequently  motors  of  this  type  are  merely 
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series  machines  provided  with  sufficient  shunt  turns  to  prevent 
the  motor  from  "running  away"  when  operating  at  no  load. 

672.  The  Starting  and  Control  of  Compound  Motors  is,  in 
general,  similar  to  that  for  shimt  motors  as  hereinbefore  described. 
The  same  starting  rheostats  can  be  used  for  ordinary  compound 
as  for  shunt  motors.  Ordinarily  the  series  winding  has  no  special 
connection  to  the  starting  rheostat.  Sometimes  provision  is 
made  whereby  the  series  winding  may  be  shunted  out  of  circuit 
after  the  motor  has  been  started.  The  possible  special  control 
arrangiements  are  too  numerous  to  describe. 
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SECTION  40 

DIRECT-CXJRRENT  MOTOR  POWER,  CURRENT 
AND  VOLTAGE  RELATIONS 

673.  The  Commercial  Voltages  Used  for  Direct-current 
Motors  are  in  North  America  110,  220,  500  and  600,  these  being 
the  nominal  constant-potential-circuit  voltages  (see  the  author's 
American  Electrician's  Handbook).  A  voltage  of  110  is 
ordinarily  used  only  for  the  smaller  motors  fed  from  incandescent 
lighting  circuits.  A  voltage  of  220  is  common  for  motors  used 
in  factories.  Street  railway  circuits  operate  at  a  pressure  of  600 
volts. 

674.  The  Rating  of  a  Motor  is  determined  by  the  same  factors 
which  determine  the  rating  of  a  generator  as  outlined  in  Art.  610. 
For  example,  a  10-h.p.  motor  is  one  which  will,  when  the  voltage 
for  which  it  was  designed  is  impressed  across  its  terminals,  pull 
a  10-h.p.  load  continuously  without  injury  to  itself.  That  is, 
the  motor  will  carry  contimwrisly  the  current  [which  may  be 
determined  from  the  formula  (158)  of  Art.  676]  necessary  to 
develop  10  h.p.  at  the  motor  shaft  without  excessive  heating, 
armature  reaction  or  sparking  at  the  brushes.  Motors,  like 
generators,  are  usually  so  designed  that  they  can  carry  overloads 
for  considerable  periods.  Most  motors  can  carry  a  25  per  cent, 
overload  for  2  hr.  On  this  basis,  a  10-h.p.  motor  can  carry  12.5 
h.p.  for  2  hr.  without  injury.  Obviously  a  motor  can  pull  any 
load  smaller  than  that  for  which  it  is  rated. 

676.  To  Find  the  Power  Input,  Current  or  Impressed  Voltage 
of  a  Motor  any  two  of  these  factors  being  known,  the  following 
formulas  may  be  used.  The  power  input  to  a  motor,  in  waits, 
is  equal  to  the  current,  in  amperes  taken  by  the  motor,  multiplied 
by  the  e.m.f .,  in  volts,  impressed  across  the  motor  terminals.  This 
follows  from  the  statements  of  Art.  164.    Expressed  as  a  formula : 

(151)  Piw  =  E  X  I,  or.  Watts  input  =  Impressed   volts  X  amp. 
hence 

(152)  E  =  Piw  -r-  7,  or,  Impressed  volts  =  Waits  inptd  -^  amp. 
and 

(153)  /  =  Piw  -r-  E,  or,  amp.  =  Watts  input  -^  Impressed  volts. 
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Wherein  Piw  =  the  power  input  to  the  motor  in  watts.  E  = 
the  e.m.f.  or  voltage  impressed  across  the  motor  terminals  in 
volts.  I  =  the  current  flowing  in  the  motor  terminals,  in  am- 
peres. The  power  in  watts  thus  obtained  may  be  reduced  to 
kilowatts  or  horse  power  as  directed  in  Art.  166. 

Example. — If  an  e.m.f.  of  110  volts,  Fig.  376  is  impressed  across  the  ter- 
minals of  a  direct-current  motor  and  the  current  through  the  motor  is  10 
amp.,  how  many  watts  is  the  motor  consuming?  How  many  kilowatts? 
How  many  horse  power?  Solution. — Substitute  in  the  formula  (151): 
Piw  =  -&  X  /  =  110  X  10  =  1,100  waUa.  Then  1,100  watts  is:  1,100  -5- 
1,000  =  1.1  kw.     Also,  1,100  watts  is:  1,100  -^  746  =  1.48  h.p. 

676.  The  Relations  Between  the  Kilowatt  Input,  Horse-power 
Output,  Efficiency,  Impressed  Voltage  and  Current  of  a  Motor 

are  indicated  in  the  following  formulas,  all  of  which  follow  from 
Arts.  675,  166  and  176: 


Amm^ten  f^e^^s  fOAmp,    .  Dtr0  ct  Current  hiotor 


(154)  nPo  = 

(155) 


Fig.  376. — Illustrating  power  input  to  a  motor, 

P,K  X  E      ^  X  7  X  E 


74.6 


F  _  tfPo  X  74.6 
^  ~  Pm 


74,600 

HPq  X  74,600 
^X7 


(156)  P,K  = 


nPo  X  74.6 


(157) 
(158) 


E  = 


7  = 


HPq  X  74,600 
EX  7 

HPq  X  74,600 
i?X  E 


(h.p.) 

(efficiency,  per  cent.) 

(kw.) 

(volts) 

(amp.) 


AVherein  HPo  =  horse-power  output  of  the  motor.  Pik  =  kilo- 
watt input  to  the  motor.  E  =  efficiency  of  the  motor  in  per  cent, 
at  the  output  UPq-  E  =  the  e.m.f.  impressed  on  the  motor 
in  volts.  7  =  current,  in  amperes  taken  by  the  motor  for  the 
output  HPq. 
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Example. — Thus  the  output  of  a  motor  having  an  input  of  2  kw.  and  an 
efficiency  of  90  per  cent,  would  be:  (P/jr  X  E)  -h  74.6  =  (2  X  90)  -^  74.6  = 
180  -h  74.6  »  2.4  h.p. 

Example. — If  a  motor  at  full  load  requires  12.2  kw.  input  and  its  efficiency 
at  this  load  is  80  per  cent.,  what  is  its  output  in  horse  power  at  this  load? 
Solution.— Substitute  in  the  formula  (154):  HPo  =  (P/x  X  E)  -^  74.6  = 
(12.2  X  80)  -i-  74.6  =  976  4-  74.6  =  13.1  h.p. 

Example. — If  the  e.m.f .  impressed  on  a  motor  is  220  volts  and  the  current 
taken  by  it  is  55.5  amp.  what  horse  power  is  it  deUvering  assuming  that  its 
efficiency  at  this  load  is  80  per  cent.?  Solution. — Substitute:  HPo  = 
(^  X  /  X  E)  ■^  74,600  =  (220  X  55.5  X  80)  -f-  74,600  =  13.1  A.p. 

Example. — A  13-h.p.  motor  has  an  efficiency  of  80  per  cent,  and  is  to 
operate  on  an  impressed  voltage  of  220;  what  current  will  it  take?  Solu- 
tion.—Substitute  in  the  formula  (158):  /  =  (HPo  X  74,600)  -^  (j&  X  E)  = 
(13  X  74,600)  4-  (220  X  80)  =  969,800  4-  17,600  =  55  amp, 

677.  The  Horse  Power  Devel- 
oped by  Any  Motor  on  the  Basis 
of  Its  Torque  and  Speed  can  be 
readUy  computed.  In  Art.  676 
the  method  of  determimng  the 
power  output  of  a  motor,  where 
its  electrical  input  and  efficiency 
are  known,  is  outlined.  In  this 
article  the  method  of  directly  de- 
termining mechanical  power  out- 
put is  described.  If  the  torque 
,^'.";  ^ll-^l'Zl^:^  H°^  (Art.  173)  being  developed  by  the 

motor  is  known,  this  formula  may 
be  used: 


on   an  electric    motor  for  a  horse- 
power test. 


(159) 


^  33,000  ^  ^ 


(h.p.) 


Wherein  A.p.  =  horse  power  being  developed  by  the  motor. 
IT  =  3.,  1416.  r.y.m.  =  revolutions  per  minute  of  motor.  T  =* 
torque  being  developed  by  the  motor,  in  pound-feet.  Now  T  or 
torque  equals  (Art.  173)  the  product  of  force  times  Uver  arm. 
With  a  Prony  Brake,  Fig.  377,  the  torque  being  developed  by  a 
motor  can  be  determined  by  measuring  (1)  the  force  exerted  and 
(2)  the  lever  arm  length.  Then  these  factors  being  known  the 
horse  power  developed  may  be  computed  with  this  formula: 


(160)  >■"■-      aVooo"    X'X'-  *•»•' 

Wherein  all  of  the  symbols  have  the  same. meaning  as  above 
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except,  r  =  distance,  in  feet,  from  center  of  motor  shaft  to 
point  of  application  of  the  resisting  force  on  a  prony  brake  lever 
arm.  F  =  force  or  pull,  in  pounds,  exerted  on  the  prony  brake 
lever  arm  at  the  distance  r  from  the  shaft  center.  A  study  of 
the  following  example  will  assist  the  reader  in  obtaining  an 
understanding  of  this  situation. 

Example. — ^The  prony  brake  arrangement  of  Fig.  377  is  a  common  form. 
The  brake  shown  comprises  a  lever  arm  L  at  one  end  of  which  are  arranged 
two  wooden  shoes,  Sy  to  clamp  the  motor  pulley.  At  the  other  end  is  pro- 
vided an  iron  eye  E  whereby  a  spring  balance  or  scale  may  be  attached  to 
measure  the  force  with  which  the  motor  pulley  tends  to  turn  the  lever  arm. 
Bolts  through  the  shoes  provide  means  for  tightening  them  on  the  pulley, 
thus  making  the  motor  do  more  work  and  increasing  the  force — ^measured 
by  the  spring  balance — ^tending  to  rotate  the  lever  arm. 

Assume  that  the  motor  is  started  and  that  the  brake  shoes  are  tightened 
su£Bciently  that  when  the  motor  is  running  at  1,000  r.p.m.  the  lever  arm 
pulls  down  on  the  scale  with  a  force  of  10  lb.  as  shown.  The  length  of  lever 
arm,  r,  is  3  ft.  Then  the  torque  (Art.  173)  is  10  lb.  at  3  ft.  radius  or  is: 
3  ft.  X  10  ».  =  30  Ih.-fi,  torque.  Or  the  torque  is  30  ».  a<  1  ft.  radius  or 
60  lb.  at  0,5  ft.  radius.  Since  the  motor  is  rotating  at  a  speed  of  1,000  r.p.m., 
a  point  on  the  circumference  of  the  pulley  travels,  in  feet  per  min. :  2  X  x  X 
r  X  r.p.m.  =  2  X  3.14  X  0.5  X  1,000  «  3,140  ft.  per  min.  At  its  circum- 
ference the  pulley  is  overcoming  a  resistance  60  lb.  Hence,  the  motor  is 
doing  work  at  the  rate  of:  60  lb.  X  3,140  ft.  per  min.  =  188,400  ft.-lb.  per 
min.  Since  1  h.p.  is  developed  when  work  is  done  at  the  rate  of  33,000  ft-lb. 
per  min.,  the  horse  power  that  this  motor  is  developing  is:  188,400 /if. 46. 
per  min.  4-  33,000  =  5.7  h.p. 

Note  that  although  the  torque  at  the  circumference  of  the  pulley  was 
taken  in  the  example  just  recited,  it  is  not  at  all  necessary  to  take  the  cir- 
cumference at  this  location.  The  torque  exerted  by  the  motor  at  any  laca-' 
tion  may  be  taken  promded  the  radius  to  that  point  is  used  instead  of  the 
radius  of  the  pulley.  From  explanation  just  preceding  it  follows  that  the 
formulas  given  in  the  article  above  can  be  applied  for  computing  horse- 
power output.    Thus  for  the  example  of  Fig.  377,  equation  (160) : 

,             2  X  y  X  r.p.m.  XrXF        2  X  3.14  X  1,000  X  3  X  10       ^  _  , 
'''^- SpOO  ""  spoo  "  ^-^  ^'^' 


SECTION  41 
CHARACTERISTICS  OF  ALTERNATING  CURRENTS 

678.  Alternating  Currents  have  been  referred  to  briefly  in 
preceding  articles.  These  articles,  an  enumeration  of  which 
follows,  should  be  reviewed  before  the  reader  proceeds.  In 
Arts.  113  to  116  the  difference  between  an  alternating  and  a  direct 
current  was  explained.  It  was  shown,  using  Fig.  71  for  an  illus- 
tration, that  a  direct  current  always  flows  in  the  same  direction 
(Art.  112)  while  an  alternating  current  alternates  in  direction. 
For  example,  a  60-cycle  current  (Art.  113)  alternates  (Fig.  70) 
120  times  a  second.  It  flows  in  one  direction  for  H20  sec;  the 
next  K20  sec.  it  flows  in  the  opposite  direction  and  it  continues 
to  thus  alternate  as  long  as  it  flows.  A  25-cycle  current  (Fig. 
68),  alternates  50  times  a  second. 

679.  The  Difference  Between  Alternating-current  and  Direct- 
current  Phenomena  is  very  pronounced.  The  fact  that  a  direct 
current  always  flows  in  the  same  direction  while  an  alternating 
current  constantly  alternates  in  direction,  as  hereinbefore  de- 
scribed, is  in  itself  a  significant  thing.  But,  as  will  be  shown, 
due  to  the  fact  that  an  alternating  current  does  constantly  change 
in  direction  and  in  intensity,  certain  effects,  which  do  not  exist 
with  steady  currents,  with  alternating  currents  become  of 
great  importance.  These  are  the  effects  of  inductance  (Art. 
471)  and  of  "permittance  or  as  it  is  frequently  called  electrostatic 
capacity  (Art.  753).  Just  how  inductance  and  permittance 
in  alternating-current  circuits  produce  these  important  condi- 
tions will  be  shown  in  following  articles.  For  the  present,  note 
the  following: 

1.  The  current  in  an  aUemating-current  circuit  may  not  he  equal  to  the  e.m.f, 
impressed  on  the  circuit  divided  by  the  resistance  of  the  circuit.  That  is,  Ohm's 
law  (Art.  134)  does  not  apply  to  alternating-current  circuits  in  the  way  in 
which  it  applies  to  direct-current  circuits.  However,  it  will  be  shown,  Art. 
744,  that  Ohm's  law  is  also  true  for  alternating-current  circuits  or  any  cir- 
cuit, but  that  it  can  not  always  be  applied  directly. 

2.  The  sum  of  the  voltage  drops  across  the  components  qf  a  circuit  carrying 
alternating-current  current  may  not  equal  the  e,m.f.  impressed  on  the  circuit, 
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In  a  direct-current  circuit  the  sum  of  the  voltage  drops  does  equal  the  im- 
pressed e.m.f.,  Art.  188. 

3.  The  sum  of  the  currents  in  the  branches  of  a  dimded^  alternating-current 
circuit  (Art,  197)  may  not  be  the  same  cut  the  total  current  flowing  into  and  out 
of  the  divided  circuit.  With  direct  currents,  the  sum  of  the  branch  currents 
equals  the  main  current,  as  stated  in  Kirchofif's  law,  Art.  202. 

4.  Alternating  current  may  flow  in  an  ^^open"  circuit.  Direct  current  can 
not  flow  in  an  open  circuit — except  possibly  for  an  instant  after  e.m.f.  is 
applied  to  or  removed  from  the  circuit.  The  alternating  currents  that  flow 
in  so-called  open  circuits  are  displacement  or  charging  currents  due  to 
permittance. 

680.  The  Method  of  Generatmg  Altematmg  Currents  was 
indicated  in  an  elementary  way  in  preceding  Arts.  429  and  519. 
Attention  was  directed  to  the  fact  that  an  alternating  current 
is  precisely  like  any  other  kind  of  an  electric  current  in  one  re- 
spect, namely:  a  voltage  {e.m.f.  or  difference  of  'potential)  must 
be  developed  before  an  alternating  current — or  any  sort  of  a 
current — can  be  forced  to  circulate  in  a  circuit. 

Note. — To  impel  an  alternating  current  in  a  circuit  an  alternating  e.m.f. 
must  be  provided.  Then,  when  this  alternating  e.m.f.  is  impressed  on  a 
circuit,  an  alternating  current,  inversely  proportional  to  the  opposition 
("Impedance,"  Art.  748)  offered  by  the  circuit,  will  be  impelled  in  the  cir- 
cuit. Alternating  e.m.f s.  are  induced  in  most  cases,  by  moving  conductors 
through  flux.  A  machine  whereby  conductors  are  made  to  cut  flux,  in  such 
a  way  that  an  alternating  e.m.f.  is  impressed  on  the  external  circuit  served 
by  the  machine,  is  an  alternating-current  generator  or  alternator. 

It  was  explained  in  Art.  520  that  the  e.m.fs.  induced  in  the  armatures  of 
all  commercial  direct-current  generators  are  alternating  e.m.fs.  and  that  a 
commutator  is  required  to  commutate  these  alternating  e.m.fs.  into  direct 
e.m.fs.  Alternating  e.m.fs.  are  induced  in  the  secondaries  of  induction 
coils  (Art.  463).  Hence  induction  coils  impel  alternating  currents  in  their 
secondary  circuits. 

681.  A  Cycle  is  a  complete  set  of  values  through  which  an 
alternating  current  or  e.m.f.  repeatedly  passes,  as  shown  in  Figs. 
68  and  70.  A  cycle  comprises:  (a)  an  increase  (OA,  Fig.  68) 
in  current  or  e.m.f.  from  zero  to  a  maximum,  and  a  decrease 
{AB)  from  maximum  to  zero,  with  the  current  or  e.m.f.  in  one 
(for  example,  the  positive)  direction;  and  (fc)  in  the  opposite  (for 
example,  the  negcUive)  direction,  an  increase  (Be)  in  current  or 
e.m.f.  from  zero  to  a  maximum  and  a  final  decrease  (CD)  to 
zero.     In  the  illustration  the  portion  OABCD  represents  1  cycle. 

Examples. — ^The  expression  "60-cycles-per-second''  means  that  the  cur- 
rent or  e.m.f.  referred  to  completes  60  cycles  in  1  sec,  therefore  He  sec.  is 
required  to  complete  1  cycle;  see  Fig.  70.     See  also  "Frequency,"  Art.  682. 


472  PRACTICAL  ELECTRICITY  [AbT.  682 

With  "a  25-cycle  current,"  j^b  8ec.  is  required  to  complete  1  cycle  as  shown 
in  Fig.  08. 

682.  The  Frequency  of  an  Alternating  Current  or  E^niJ. 

is  the  number  of  cycles  that  it  completes  in  1  sec.  Fig.  70  shows 
a  graph  of  a  60-cycle  alternating  current  and  Fig.  68  shows  a 
graph  of  a  25-cycle  alternating  current,  both  being  plotted  to 
the  same  time  scale.  Thus  it  may  be  stated  that  the  frequency 
of  a  certain  current  or  e.m.f.  is  "60  cycles  per  sec."  or  merely 
"60  cycles"  or  the  frequency  in  another  circuit  may  be  25  cycles. 

683.  The  Frequencies  Used  in  Practice  are,  in  North  America, 
25  cycles  (Fig.  68)  and  60  cycles  (Fig.  70).  High  frequencies 
such  as  125  and  133  cycles  were  formerly  employed. 

Note. — A  frequency  of  60  cycles  is  common — almost  standard — in  the 
United  States  for  general  lighting  and  power  installations.  A  frequency  of 
60  cycles  is  usually  considered  preferable  for  electric  lighting  because,  with 
lower  frequencies,  there  may  be  a  visible  flickering  of  incandescent  lamps. 
However,  25  cycles  can  be  and  is  used  for  incandescent  lighting.  Some 
arc  lamps  do  not  operate  well  on  25  cycles.  For  long-distance  power  trans- 
mission a  low  frequency — for  example,  25  cycles — ^is  sometimes  considered 
preferable  to  a  higher  one  because  the  undesirable  effects  of  inductance 
(Art.  471)  and  permittance  (electrostatic  capacity,  Art.  753),  increase  as 
the  frequency  increases.  However,  it  is  now  usually  conceded  that,  all 
things  considered,  60  cycles  is,  ordinarily,  preferable  to  25,  even  for  power 
transmission,  where  the  energy  at  the  receiving  end  of  the  circuit  is  to  be 
used  for  general  power  and  lighting  service.  A  few  of  the  older  central 
stations  still  generate  at  either  125  or  133  cycles,  which  were  formerly  in 
vogue.  For  single-phase  railway  work,  15  cycles  has  been  used  to  a  limited 
extent.  See  the  author's  American  Electricians'  Handbook  and  his 
Electrical  Machinery  for  further  information  regarding  the  adaptability 
of  different  frequencies  for  different  services. 

684.  An  Alternation  is  half  a  cycle,  as  shown  in  Figs.  68  and  70. 
There  are  two  alternations  in  a  cycle,  one  in  the  positive  (Art. 
522)  and  the  other  in  the  negative  direction. 

686.  Phase. — ^Any  point  on  an  alternating-current  wave  is 
called  a  phase.  To  designate  a  certain  phase  of  a  wave,  it  must  be 
specifically  indicated  in  some  way.  Usually  this  is  done  by  spe- 
cifying the  number  of  electrical  degrees  between  the  phase  to  be 
indicated  and  some  reference  point  or  phase  on  the  wave.  The 
reference  point  is,  unless  otherwise  specified,  taken  as  the  0- 
degree  point  or  phase — the  starting  point  of  the  wave. 

Example. — In  Fig.  378  (taking  0-degree  as  the  reference  point  or  phase), 
A  and  At  are  30-degree  phases,  Bi  and  Bi  are  90-degree  phases,  Ci  is  a  180- 
-legree  phase,  Di  and  />s  are  240-degree  phases,  J?  is  a  360-degree  phase,  etc. 
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It  was  explained  in  the  example  under  Art.  528  that  electrical 
degrees  really  refer  to  time.  Hence,  it  follows  that  the  term 
phase  may  also  refer  to  time.  Therefore,  a  phase  may  also  be 
defined  as  the  time  instant  when  some  maximum,  zero  or  any  other 
value  is  attained  by  the  wave. 

Example. — When  two  alternating  currents  attain  their  corresponding 
zero,  maximum  and  intermediate  (not  necessarily  the  same)  values  at 
exactly  the  same  instants,  they  are  said  to  be  in  phase.  If  the  currents  are 
not  in  phase  they  reach  corresponding  values  at  different  instants.  Note. — 
Difference  in  phase  is  obviously  the  difference,  usually  stated  in  degrees, 
between  two  specified  phases. 

Example. — ^The  difference  in  phase  between  points  Ai  and  Bi  in  Fig. 
378  is:  90  -  30  =  60  degrees.  The  difference  in  phase  between  points  Bi 
and  ^  is:  360  -  90  =  270  degrees. 


Fio.  378. — Illuatrating  the  term  "phase." 

Note. — The  above-given  definitions  for  "phase"  are  the  technically 
correct  ones.  However,  the  word  "phase,"  as  loosely  used,  has  other 
meanings.  Sometimes,  each  of  the  three  wires  of  a  three-phase  circuit  is 
called  a  "phase  wire" — or  for  short,  "a  phase."  Also,  any  pair  of  wires 
of  a  polyphase  (Art.  793)  circuit,  across  which  the  normal  voltage  of  the 
circuit  should  exist,  is  sometimes  referred  to  as  a  phase  of  the  circuit.  Two- 
phase  and  three-phase  currents  and  circuits  are  treated  in  following  Arts. 
794  and  803  respectively. 

686.  Altematiiig  E.m.fs.  and  Currents  May  Be  Either  Single- 
phase  or  Polyphase  depending  on  the  construction  and  arrange- 
ment of  the  generator  used  for  their  production.  Single-phase 
e.m.fs.  currents  and  principles  will  first  be  discussed  and  later 
(Art.  793)  polyphase  circuits  and  devices  will  be  treated. 

687,  The  Term  ^^Single-phase"  implies  a  single,  or  only  one  al- 
ternating e.m.f . — or  current — in  a  circuit.  That  is,  with  a  single- 
phase  e.m.f.  or  current  there  is  at  any  given  instant  only  one 
"phase,"  as  defined  in  Art.  685.    With  polyphase  e.m.f8.  or  cur- 
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rents  there  is  more  than  one  ''phase''  at  any  given  instant  (Ai*t. 
793). 

Example. — In  the  graph  of  a  single-phase  alternating  current,  shown  in 
Fig.  378,  there  is  at  the  90-degree  instant  but  one  "phase,"  Bi.  In  the  two- 
phase  curve  of  Fig.  476  there  are  two  "phases"  at  the  90-degree  instant. 
In  the  three-phase  curve  of  Fig.  488  there  are  three  phases  at  the  90-degree 
instant.  There  are  two  "phases,"  at  every  instant,  in  a  two-phase  e.m.f. 
or  current  curve  and  three  "phases"  at  every  instant  iii  a  three-phase  curve. 
Note. — As  will  be  shown  later,  under  polyphase  e.m.fs.  and  currents 
(Art.  793),  there  may  be  two  or  more  alternating  e.m.fs.  impressed  on,  or 
two  or  more  alternating  currents  in,  the  same  polyphase  circuit.  A  single- 
phase  circuit  ordinarily  requires  but  two  wires  and  is,  in  this  respect,  similar 
to  a  two-wire  direct-current  circuit.  A  polyphase  circuit  always  has  more 
than  two  wires. 

ExABfPLES. — The  alternating  e.m.f.  induced  in  the  loop  of  Fig.  271  when 
it  is  rotated  in  the  magnetic  field  is  a  single-phase  e.m.f.  and  the  current 
this  e.m.f.  impels  in  the  external  circuit  is  a  single-phase  current.  Hence, 
graphs  like  those  of  Figs.  269  and  379  represent  graphically  single-phase 

e.m.fs.  and  currents.  A  single-phase 
generator  is  one  which  impresses  a 
single  alternating  e.m.f.  on  its  extenud 
circuit.  A  single-phase  circuit  is  one 
which  has  impressed  on  it,  by  its  source 
of  e.m.f.,  a  single  alternating  e.m.f. 
Any  alternating  e.m.f.  impressed  on  a 
two-wire  circuit  must  be  a  single-phase 
e.m.f.  and  any  alternating  current  in  a 
two-wire  circuit  must  be  a  single-phase 
FiQ.  379.— IllustraUng  instantaneous  alternating  current. 

values  of  e.m.f.  _  _  _      .        ,     ^      ^  Tr  i 

688.  An  Instantaneous  Value 
of  an  Alternating  Current  or  Voltage  is  its  value  at  some  des- 
ignated instant  (phase)  or,  in  other  words,  at  some  designated 
point  in  its  cycle. 

Example. — In  Fig.  379  the  instantaneous  e.m.f.  at  the  30-degree  phase 
is  +50  volts  (see  Figs.  68  and  70  which  indicate  the  actual  time  elapsing 
between  dififerent  phases  for  25-  and  60-cycle  e.m.fs.).  At  the  45-degree 
phase  the  instantaneous  e.m.f.  is  -f  70.7  volts.  At  the  J^-cycle  or  90-degree 
phase  (Fig.  379)  the  instantaneous  e.m.f.  is  +  100.0  volts,  which  is  also  the 
maximum  or  crest  e.m.f.  in  this  case.  At  the  180-degree  phase  the  instan- 
taneous e.m.f.  is  0  volts.  At  the  270-degree  phase  the  instantaneous  e.m.f. 
is  —  100.0  volts,  etc.  The  symbol  -f  means  that  the  e.m.f.  value  following 
it  is  in  the  positive  (Art.  621)  direction.  The  symbol  —  means  that  the 
e.m.f.  is  in  the  negative  direction. 

689.  The  Maximum  Value  of  an  Alternating  E.m.f .  or  Current 

(sometimes  called  the  crest  value)  is  the  greatest  value  that  it 
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attains,  Fig.  380.  It  is  an  instantaneous  value.  For  example, 
the  maximum  value  of  the  alternating  current  of  the  graph  of 
Fig.  70  is  100  amp. ;  that  of  the  graph  of  Fig.  73,/  is  1  amp.  With 
a  sine-wave  form,  a  maximum,  positive-direction  current  flows 
for  only  an  instant  during  one  alternation  of  a  cycle  and  a  maxi- 
mum, negative-direction  current  flows  for  an  instant  during  the 
other  alteration  of  the  cycle. 

NoTB. — The  insulation  of  alternating-current  apparatus  must  be  designed 
to  successfully  withstand  the  maximum  e.m.f.  of  the  circuit.  In  spite  of 
the  fact  that  this  maximum  is  (where  the  e.m.f.  has  a  sine-wave  form)  im- 
pressed for  only  an  instant  during  each  alternation,  the  insulation  may 
be  broken  down  during  these  ' 'maximum''  instants  if  it  is  not  of  sufficient 
strength. 

690.  The  Average  Value  of  an  Alternating  Current  or  E.m J. 

(Fig.  380)  is  the  average  of  all  of  the  instantaneous  values — of 
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Fio.  3S0, — Relations  between  maximum,  average  and  eflfective  values  of  alter- 
nating currents  and  voltages. 


current  or  e.m.f.  as  the  case  may  be — of  a  cycle.  The  fact  that 
half  of  the  instantaneous  values  are  positive  and  half  negative  is 
disregarded  in  computing  the  average  value.  Through  the 
application  of  the  higher  mathematics  it  can  be  shown  that: 
The  Average  Value  of  an  Alternating  E.m.f.  or  Cd)rent  of  Sine- 
wave  Form  =  0.636  X  Its  Maximum  Value.  It  follows  that: 
Maximum  Value  =  Average  Value  -5-  0.636  =  1.57  X  Average 
Value.     These  relations  are  given  in  the  formulas  in  Art.  697. 

Note. — Average  values  are  seldom  used  or  referred  to  except  in  theoretical 
demonstrations^  as  for  illustration  in  the  proof  under  Art.  737.  A  practical 
man  may  never  hear  of  average  values  in  his  everyday  work. 

691.  The  Effective  or  Virtual  Value  of  an  Alternating  Current 

is  defined  as  that  value  (Fig.  380)  which  will  produce  the  same 
heating  effect  as  will  the  same  intensity  of  direct  current.  An 
alternating  current  is  continually  changing  in  intensity,  within 
a  certain  range,  from  instant  to  instant.    And  it  changes  in  di- 
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rection  at  each  alteration.  These  changes  occur  even  if  the  load 
is  constant.  The  table  under  Art.  116,  in  the  first  part  of  the 
book  shows  how  an  alternating  current  thus  varies. 

Now  these  changes  occur  many  times  a  second  with  the  alter- 
nating currents  which  are  used  in  practice.  For  example,  with 
a  60-cycle  current  (Fig.  70)  there  are  120  alterations  per  second. 
Commercial  ammeters  could  not  be  made  which  would  indicate 
at  every  instant  these  constantly  changing  values — even  if  it 
were  desirable  to  have  them  do  so.  The  mechanisms  of  the  in- 
struments could  not  respond  to  these  ever-changing  variations. 

When  an  alternating-current  flows  in  an  instrument  designed 
for  measuring  alternating  current  intensities,  the  pointer  of  the 
instrument  will  be  deflected  along  its  scale  a  certain  distance  and 
will  remain  steady  at  that  location  so  long  as  the  current  remains 
constant,  that  is,  so  long  as  the  maximum  value  of  the  current 
does  not  change  during  successive  alternations.    But  if  the 

alternating-current  intensity  de- 
creases— ^if  its  maximum  value  de- 
creases through  successive  alterna- 
tions— the  pointer  will  swing  back 
showing  a  smaller  deflection.  If 
the  alternating  current  increases, 
Fig.  381.— Illustrating  the  heating  the  deflection  of  the  pointer  will 
effects  of    direct   and  alternating  become  greater  than  before. 

currents.  , 

It  is  evident,  therefore,  that  by 
properly  marking  its  scale,  the  ammeter  could  be  "cahbrated" 
to  indicate  either  the  average  or  the  maximum  value  of  the  cur- 
rent passing  through  it.  However,  it  is  more  convenient  to  have 
the  instruments  indicate  effective  values,  as  they  are  above  defined. 

ExABiPLE. — ^If  a  direct  current  of  10  amp.  intensity  (as  indicated  by  the 
ammeter,  Fig.  381)  flowed,  for  say  1  hr.,  through  the  insulated  resistor  sub- 
merged in  the  water  in  the  vessel,  the  heat,  due  to  the  7*  X  i2  loss  (Art.  167)  in 
the  resistor,  would  raise  the  temperature  of  the  water  in  the  vessel.  Assume 
that  this  direct-current  heating  effect  raised  the  temperature  10  deg. — ^from 
70  deg.  to  80  deg.  F.  Now  assume  that  instead  of  direct  current,  an  alter- 
nating current  is  forced  through  this  same  resistor  submerged  in  this  same 
vessel.  Further,  assume  that  the  intensity  of  this  alternating  current  is 
regulated  by  varying  the  applied  e.m.f.,  until  a  constant  alternating  current 
flows  through  the  resistor  which  will,  in  exactly  1  hr.,  raise  the  temperature 
of  the  water  from  70  deg.  to  80  deg.  F. — the  same  temperature  rise  as  before. 
Then  this  alternating  current  would  have  an  effective  value  of  10  amp,,  be« 
cause  it  has  the  same  heating  effect  as  a  10-amp.  direct  current.  In  other 
words,  it  would  be  an  alternating  current  of  10  amp. 
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NoTB. — The  ampere  was  used  as  the  unit  of  direct-current  intensity  before 
alternating  currents  were  employed.  When  then  it  became  necessary  to 
measure  alternating-current  intensities,  instead  of  defining  some  new  unit 
for  measuring  these  intensities,  it  was  decided  to  also  call  the  unit  of  alter- 
nating current  an  ampere  and  to  have  it,  insofar  as  possible,  equivalent  to 
the  direct-current  ampere. 

Now  alternating-current  intensities  can  not  be  compared  with  direct- 
current  intensities  on  the  basis  of  their  electrolytic  effects.  Why?  Be- 
cause the  metal  deposited  electrolytically  by  an  alternating  current  during 
any  one  alternation  would  be  redeposited  in  the  other  direction,  during  the 
next  alternation.  Obviously,  the  net  electrolytic  effect  of  an  alternating 
current  is  nil.  Hence  an  alternating-current  intensity  or  rate  of  flow, 
can  not  be  defined  by  its  electrolytic  effect  as  is  the  direct-current  intensity. 
But  the  heating  effects  of  alternating  and  direct  currents  can  be  compared 
readily — as  shown  in  the  above  example.  Hence  it  was  decided  to  define 
the  alternating-current  ampere  on  a  basis  of  its  heating  effect  as  hereinbe- 
fore specified. 

692.  Alternating-current  Measuring  Instruments  Indicate 
Effective  Values. — This  is  true  of  both  ammeters  and  voltmeters. 
When  speaking  of  alternating  currents  or  e.m.fs.,  the  values 
referred  to  are,  ordinarily,  unless  it  is  otherwise  specified,  effective 
values.  The  practical  man  deals  almost  exclusively  with  effect- 
ive values. 

693.  The  Relation  of  the  Effective  to  the  Maximum  Value  of 
an  Alternating  Current  or  Voltage  is  shown  in  Fig.  380.  It 
may  be  expressed  thus:  Effective  Value  =  0.707  X  Maximum 
Value.  It  also  follows  that:  Maximum  Value  =  Effective  Value 
-^  0.707.  Equations  expressing  these  relations  are  given  in  a 
following  paragraph,  Art.  697. 

Example. — What  is  the  effective  value  of  the  alternating  current  of  Fig. 
70?    Solution. — Its  maximum  value,  reading  from  the  graph,  is  100  amp. 
Hence  to  find  its  effective  value: 
Effective  value  =  0.707  X  max,  value  =  0.707  X  100  amp,   =  70.7  amp. 

Example. — ^What  is  the  effective  voltage  of  a  circuit  that  has  a  maximum 
voltage  of  166  volts?    Solution. — Substitute  in  the  formula: 

Effective  value  =  0.707  X  max.  value  =  0.707  X  156  -  110  voUa. 

Example. — If  a  voltmeter  on  an  alternating-current  circuit  reads  2,200, 
what  is  the  maximum  instantaneous  voltage?  Solution. — Voltmeters 
and  ammeters  always  indicate  effective  values.  Art.  692.  Substitute  in  the 
formula: 

,-.     .              ,           Eff active  value       2,200        ^  _.      ,, 
Maximum  value  -  q 707 ""  0707   "     ' 

694.  Why  the  Effective  Value  Equals  0.707  X  the  Maxiinum 
Value  may  be  explained  thus:  The  effective  value  of  an  alter- 
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nating  current  is,  as  stated  in  Art.  691,  determined  by  its  heating 
effect.  Now  the  heating  effect  of  a  current  of  electricity  is  pro- 
portional to  the  square  of  the  current,  in  amperes  (Art.  167). 
It  follows  that  the  heating  effect  of  an  alternating  current  at 
any  instant  is  proportional  to  the  square  of  the  current  at  that 
instant.  Now  if  the  squares  of  the  current  intensities  of  an 
alternating  current  for  a  great  number  of  equidistant  instants 
over  an  alternation  be  computed  and  their  average  taken,  this 
resulting  value  will  be  the  average  or  mean  square  of  all  of  these 
instantaneous  currents.  Then  to  ascertain  the  equivalent  steady 
current  that  would  produce  the  same  heating  effect  as  all  of  the 
instantaneous  currents  of  different  values,  the  square  root  of 
the  mean  square  is  taken.     It  will  always  be  found,  if  the  problem 


Time 


Fia.  382. — Illustrating  approximate  method  of  determining  the  effective  value  of 
an  alternating  current  when  its  maximum  value  is  known. 

is  solved  by  the  approximate  method  just  described,  that  this 
sqiLare  root  of  the  mean  square  for  currents  of  sine-wave  form  is 
about  equal  to  0.707  of  the  maximum  value.  It  can  be  readily 
shown,  by  the  application  of  the  exact  methods  of  the  higher 
mathematics,  that  the  value  0.707  is  absolutely  correct  for  cur- 
rents of  sine-wave  form. 


Example. — Consider  the  alternating-current  sine  curve  of  Fig.  382. 
The  maximum  current  is  100  amp.  The  mean  square  of  the  current  values 
at  9  different  equidistant  instants  is  5,001.40.  The  square  root  of  5,001.40 
is  70.72  amp.  which  is  the  effective  current  in  accordance  with  this  approxu' 
mate  solution.  Actually  the  effective  current,  with  a  maximum  of  100  amp. 
would  be  70.71  amp.  Hence,  the  above  approximate  solution  gives  a  value 
just  a  trifle  high.     If  current  values  are  taken  2  degrees  apart  over  an  alter- 
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nation,  instead  of  20  degrees  apart  as  in  the  example  just  solved,  the  efiFect- 
ive  value  will  come  out  almost  exactly  70.71  amp.  Obviously  it  is  not 
necessary  to  consider  values  over  an  entire  cycle,  as  the  values  for  one  alter- 
nation are  the  same  as  those  for  another,  assuming  that  the  maximum  current 
remains  the  same.  That  is,  the  values  for  the  first  half  cycle  will  be  the 
same  as  those  for  the  second  half  cycle. 

696.  The  Effective  Value  of  an  Alternating  E.mi.  is  that  value 
which  will  propagate  an  alternating  current  of  corresponding 
intensity.  The  meaning  of  this  statement  can  be  understood 
from  a  consideration  of  the  following  numerical  example. 

Example. — If  a  circuit  (Fig.  383,7),  comprising  resistance  only  and  having 
a  resistance  of  10  ohms,  an  effective  alternating  current  of  6  amp.  flows, 
the  effective  e.m.f.  impelling  the  current  is  (Ohm's  law):  JSf  =  7  X  i2  « 
6  X  10  =  60  voUs.  If  an  effective  current  of  15  amp.  flows  in  this  same  cir- 
cuit (Fig.  383,77)  then  the  effective  e.m.f.  impelling  it  must  be:  15  X  10  » 
150  volts. 

696.  The  Relation  of  the  Effective  Value  of  an  Alternating 
E.mi.  to  Its  Maximum  E.mi.  is  numerically  the  same  as  the  rela- 
tion of  effective  and  maximum  current  values.    It  is  always  the 


1-  Current  ■  6  AmpL 


tt-Current  ■  15  Amp^ 


Fio.  383. — Effective  e.m.fs.  of  60  and  150  volts  respectively  impelling  effective 
currents  in  alternatins-current  circuits. 


e.m.f.  which  originates  or  impels  a  current  and  a  current  is 
always  proportional  to  its  e.m.f.  If  an  alternating  current  has 
a  sine-wave  form,  the  e.m.f.  which  impels  it  must,  obviously, 
have  a  sine-wave  form.  Hence,  the  same  numerical  relation  must 
hold  between  maximum  and  effective  values  for  both  voltages  and 
currents. 

Hence,  equation  (166):  Effective  e.m.f.  =  0.707  X  maximum 
e.m.f.  It  follows  that  maximum  e.m.f.  =  effective  e.m.f.  -r-  0.707  = 
1.46  X  effective  e.m.f. 

Equations  indicating  these  relations  are  given  in  the  following 
article  No.  697. 
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697.  The  Numerical  Relations  of  Mazimumi  Effective  and 
Average  Values  to  one  another  are  shown  in  the  following  equa- 
tions.   They  have  been  thus  collected  for  ready  reference: 

(161)  Maximum  value  =  *1.41  X  Effective  value 
That  is: 

(162)  Em  =  *1.41  X  Ee,  or,  Im  =  *1.41  X  Ie 

(163)  Maximum  value  =  1.57  X  Average  value 
That  is: 

(164)  Em  =  1.57  X  Ea,  or,  Im  =  1.57  X  Ia 

(165)  Effective  value  =  0.707  X  Maximum  valus 
That  is: 

(166)  Ee  =  0.707  X  Em,  or,  Ie  =  0.707  X  Im 

(167)  Effective  valvs  =  1.11  X  Average  value 
That  is: 

(168)  Ee  =  1.11  X  Ea,  or,  Ie  =  1.11  X  Ia 

(169)  Average  value  =  0.636  X  Maximum  Value 
That  is: 

(170)  Ea  =  0.636  X  Em,  or,  I  a  =  0.636  X  Im 

(171)  Average  value  =  0.901  X  Effective  value 
That  is: 

(172)  Ea  =  0.901  X  Ee,  or,  I  a  =  0.901  X  Ie 

*  Tbe  value  1 .41  is  an  approziiratc  expression  of  the  exact  value  \/2l  A  more  aoourate 
expression  of  this  value  is :  1 .4 1 4228. 
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ALTERNATING-CURRENT  GENERATOR  PRINCIPLES 
AND  CONSTRUCTION 


Practical  Alternating-current  Generators  May  Be  Di- 
vided into  Two  General  Classes  Thus. — (1)  Revolving-armature 
machines.  (2)  Revolving-field  machines.  As  stated  in  Art.  534, 
the  armature  is  the  portion  of  a  generator  in  which  the  e.m.f .  is 
induced.  The  field  is  the  structure  which  provides  the  magnetic 
field,  the  flux  of  which  cuts  or  is  cut  by  the  armature  inductors, 
whereby  the  e.m.f.  is  induced.  Each  of  the  two  classes  is  briefly 
treated  below. 

699.  The  Construction  of  Re- 
volving-armature Alternators  is 
shown  in  Figs.  384  and  385.  In 
general  they  are  quite  similar  to 
direct-current  generators  except 
that  collector  rings  (Fig.  386)  are 
substituted  for  the  commutator. 
The  fields  must  be  excited  with 
direct  current,  for  which  an  in- 
dependent, small  direct-current 
generator — an  exciter — ^is  ordi- 
narily required.  Frequently  the 
exciter-armature  winding  is  wound 
on  the  same  core  with  the  alter- 
nator winding  and  a  separate 
commutator  provided  for  it.  With 
such  an  arrangement,  or  when  an  independent  exciter  is  direct- 
connected  to  the  alternator,  the  revolving-armature  alternator  is 
then  self-contained.  Revolving-field  alternators  are  frequently 
built  on  the  same  frames  as  are  used  for  direct-current  generators. 

700.  A  Telephone  Generator  or  Magneto  Is  a  Revolving- 
armature  Alternating-current  Generator. — This  machine  is  de- 
scribed and  illustrated  in  Art.  543.  The  magnetic  field  in  this 
machine  is  produced  by  permanent  magnets  which  are  described 
in  the  data  on  ''Magnetism"  in  Art.  80. 

31  481 


Fig.  384. — Revolving-armature, 
belted  alternator  (General  Electrio 
Co.,  25-kva.,  three  phase,  17>i 
kva.,  single  phase,  4  poles,  1800 
r.p.m.). 
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701.  The  Application  of  Revolving-annature  Alternators  is, 

in   practice,   limited    because   revolving-field    machines    (Art. 
704)  are,  in  the  larger  capacities  less  expensive,  and  in  any  case 
•  have  better  inherent  characteristics.    It  is  seldom  that  revolv- 
ing-armature alternating-current  generators  are  made  for  capaci- 


EkcIT^tIot^  of  tfT^ 


■Armetfur$  WMfng.^ 


Fio.  385. — Complete  armature  of  a  revolving-armature  alternator.  (This, 
having  three  collector  rings,  is  for  a  three-phase  machine.  The  construction  and 
arrangement  of  single-phase  and  two-phase  armatures  is  similar.) 

ties  exceeding  25  kva.  (three-phase,  n\i  kva.,  single-phase)  or 
for  voltages  exceeding  600.  Their  inherent  regulation  is  poor 
and  the  alternating  voltage  is  impressed  on  the  armature  and 
collector  rings,  which  are  difficult  to  insulate  economically  for 


^Revolvhrg  Armature 
I-Two-Polc  Generator 

1-Fowr-Polc  Generator 

Fig.  386. — Showing  how  revolving-armature  windings  are  connected  to  collector 
rings  in  revolving-armature,  alternating-current  generators  (single  phase). 

high  voltages.    In  revolving-field  machines  the  revolving  parts 
are  not  subjected  to  high  or  line  voltages. 

702.  The  Explanation   of  the   Operation   of   a   Revolving- 
armature  Alternator  is  as  follows: 

Explanation.— When  the  armature  is  in  the  position  indicated  in  Fig. 
386,  7,  the  e.m.f.  impressed  on  the  rings  is  zero.     The  e.m.f.  induced  at  this 
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instant  in  the  inductors  between  B  and  C  is  equal  and  opposite  to  that 
induced  in  those  between  C  and  D.  Also,  the  e.m.f .  induced  in  winding  BA 
neutralizes  that  in  DA^  so  there  is  no  e.m.f.  across  the  rings.  But  when  the 
armature  is  rotated  ^i  revolution,  then,  at  that  instant,  the  e.m.fs.  in  wind- 
ings DAB  and  DCB  are  a  maximum  and  maximum  voltage  is  impressed  on 
the  rings.  When  the  armature  has  been  rotated  through  another  ^  revolu- 
tion the  e.m.f.  across  the  rings  is  again  zero.  When  it  has  been  rotated 
through  still  another  quarter  the  e.m.f.  is  again  a  maximum,  but  it  is  now 
in  the  opposite  direction.  These  statements  may  be  verified  by  apply- 
ing the  hand  rule  for  determining  th^  direction  of  an  induced  e.m.f.  Thus 
as  the  armature  is  rotated  it  impresses  an  alternating  e.m.f.  on  the  external 
circuit  connected  to  its  collector  rings. 

703.  A  Revolving-armature  Al- 
ternating-current Generator  Can 
Be  Arranged  from  any  Direct- 
current  Generator.  (Fig.  387) — 
It  was  shown  in  Art.  520  that 
the  e.m.f.  induced  in  a  loop  or 
coil  rotated  in  a  magnetic  field 
is  an  alternating  e.m.f.  Hence^ 
a  (bipolar)  direct-current  genera- 
tor may  be  modified  into  an  alter- 
nating-current machine  by  sepa- 
rately exciting  (Art.  554)  its  field 
with  direct  current,  tapping  its 
armature  winding  at  two  dia- 
metrically   opposite    points    and 

connecting  each  of  the  taps  to  a  Fig.  387.— Showing  how  the  com- 
pnllppfnr  nnir  rs  shown  in  Fii?  mutator  of  a  bipolar  direct-current 
COUeCtOr   nng,    as   snown   m    I'lg.    generator  can  be  fitted  with  coUector 

386,  /.      When  an  armature  thus  rings  to  impress  an  alternating  e.m.f. 

connected  is  rotated  in  the  field, 

an  alternating  e.m.f.  will  be  impressed  across  the  coUector  rings. 
The  coUector  rings  may  be  attached  to  (but  insulated  from)  the 
commutator  of  the  armature  as  shown  in  Fig.  387.  When  a 
machine  is  buUt  as  an  alternator,  obviously,  only  the  collector 
rings  are  necessary;  a  conunutator  is  not  then  required. 

With  a  multipolar-field  machine,  there  should  be  as  many  equi- 
distantly  spaced  taps  from  the  armature  winding  to  the  coUector 
rings  (Fig.  386)  as  there  are  poles.  Alternate  taps  connect  to 
the  same  ring.  The  information  given  in  this  article  appUes  to 
single-phase  generators.  For  polyphase  machines  it  must  be 
modified  as  elsewhere  suggested. 
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Example. — Fig.  386,77  shows  the  revolving-armature  winding  of  a  four- 
pole  generator  tapped  at  four  equidistant  points  and  connected  to  two 
collector  rings  so  as  to  impress  an  alternating  e.m.f.  across  the  collector 
rings.     The  brushes  are,  for  simplicity,  omitted. 

704.  Revolying-field  Alternators  are  the  most  important  com- 
mercially, for  reasons  suggested  in  Art.  701.  AU  modem 
machines  of  large  capacity  are  of  this  type.  Figs.  388  and  389 
show  typical  horizontal,  revolving-field  machines.  Fig.  390 
details  the  general  construction  bf  all  revolving-field  alternators; 
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Fio.  388. — A  revolvinjs-field,  belt-drivcQ  alternator  (The  illustration  shows 
an  8-pole,  150-kva..  900  r.p.m..  2300-volt,  three-phase,  type  TRB,  form  B 
General  Electric  Company  machine.) 

however,  some  of  the  mechanical  features   there  shown  are 
incorporated  only  in  vertical  machines. 

706.  The  Elementary  Revolving-field  Alternating-current 
Generator  is  diagrammed  in  Fig.  391.  The  revolving  field  is 
produced  by  the  rotating  electromagnet  M  which  is  energized 
with  direct  current  circulated  by  a  couple  of  dry  cells.  The  dry 
cells  are  equivalent  to  an  exciter.  The  stationary  conducting 
loop  L  is  equivalent  to  a  stationary  armature  winding.  Note 
that  this  arrangement  is  similar  to  the  elementary  generator  of 
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Fig.  253  except  that,  in  that  illustration,  the  armature  is  rotated 
and  the  field  is  stationary. 

Explanation. — As  the  field  M  is  rotated  (clockwise)  its  flux  cuts  the 
stationary  conductor  L.  At  the  instant  pictured,  the  flux  from  the  S  pole 
is  cutting  the  top  side  of  the  loop  and  that  from  the  N  pole  the  bottom  side 
of  the  loop.    An  e.m.f.  is  being  induced  and  a  current  will  flow  (from  front 
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FiQ.  389. — A  revoiviug-field  enfaQe-type  alternator.     (This  is  a  26-pole  West- 
inghouse  machine.) 


to  rear  in  the  top  side  of  the  loop)  in  the  direction  shown  by  the  full-line 
arrows  (hand  nile,  Art.  427).  When  M  has  been  rotated  Ji  revolution  to 
a  horizontal  position,  then  at  that  instant,  no  flux  will  be  cutting  L  and  the 
e.m.f.  induced  in  it  will  be  zero.  At  the  instant  after  M  has  been  rotated 
another  ^  revolution,  its  S-pole  flux  will  be  cutting  the  bottom  side  of  the 
loop  and  the  N  flux  the  top  side.  Now  the  e.m.f.  and  the  current  it  impels 
in  the  loop  will  be  (from  rear  to  front  in  the  top  side)  as  shown  by  the  dotted 
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FiQ.  390. — Showing  construction  of  a  vertical,  revolving-field,  alternating-cur- 
rent generator  for  water-wheel  drive. 


Fio.  391. — Alternating  e.m.f.  being  induced  in  a  stationary  conductor  by  a 

rotating  field. 
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Fia.  392. — A  100-pole  revolving-field  for  a  alow- speed  alternator, 
house  Electric  Company.) 


(Westing* 


Fig.  398. — A    12-poU  revolving-field    structure  for  a  high-speed  alternator. 
(Westinghouse  Electric  Company.) 
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arrows.  Thus  an  alternating  e.m.f.  has  been  induced  in  the  loop  as  the 
field  has  been  rotated.  This  e.m.f.  has  impelled  an  alternating  current. 
So  long  as  the  rotation  of  the  magnet  M  is  continued,  the  alternating  cur- 
rent will  flow  in  the  external  circuit. 

706.  The  Construction  of  Revolving  Fields  for  Alternators 

is  indicated  in  Figs.  392  and  393.  Where  the  machine  is  to  rotate 
at  high  speed  the  spider  is  usually  built  up  of  steel-plate  lamina- 
tions.   Cast-steel  or  cast-iron  spiders  are  used  for  machines  for 
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Fio.  394. — Stationary  armature  structure  for  an  alternator. 

the  lower  speeds.  The  field  coils  are  wound  on  laminated  steel 
cores  and  are  frequently  insulated  with  non-combustible  materials 
so  that  they  can  be  overloaded  without  damage. 

707.  Armature  Construction  and  Windings  of  Revolving-field 
Alternators  are  shown  in  Figs.  394  and  395.  The  armature  coils 
are,  instead  of  being  wound  on  projecting  poles  as  shown  in 
Fig.  396,  arranged  in  slots  along  in  the  armature  core  as  illus- 
trated (Figs.  394  and  395).  This  arrangement  is  the  most  econo- 
mical and  effective.     The  armature  cores  are  built  up  from 
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Fio    395. — Portion  of  the  armature  structure  of  a  revolving-field  alternator. 
(Westinghouse  Electric  Company.) 


L 


Fio.  396. — Diagram  of  a  four-pole  revolving-field  generator,  single  phase. 
(Strictly,  the  pole  faces  should  be  no  wider  than  the  armature  coils  to  insure 
correct  generation  of  alternating  e.m.f.) 


490 


PRACTICAL  ELECTRICITY 


[Art.  707 


laminations  or  pimchings  in  somewhat  the  same  way  as  are  the 
armature  cores  (Art.  569)  of  direct-current  generators.  How- 
ever, the  punchings  for  alternating-current  stationary  armatures 
form  rings  similar  to  that  of  Fig.  305,  except  that  the  winding 


Fio.  397. — Development  of  an  arznature  winding  for  a  four-pole  alternator. 
(This  may  be  considered  as  showing  either  a  rotating-field  winding  or  a  rotating 
armature  winding.  For  a  rotating-armature  winding  the  direction  of  motion  of 
the  field  would  then  be  the  opposite  of  the  direction  shown  to  produce  the  e.m.f. 
directions  indicated.) 


slots  are  on  the  inside  of  the  ring  for  the  alternating-current 
machines.  Form-wound  coils  (Art.  575)  are  used  in  modern 
machines.  Fig.  397  gives  an  idea  as  to  how  the  armature  coils 
are  arranged. 


SECTION  43 
HOW  ALTERNATORS  DEVELOP  E.M.FS. 

708.  The  Explanation  of  the  Induction  of  E.nuf.  on  the  Basis 
of  Cutting  FluXi  by  an  Alternating-current  Generator  in  Which 
the  Inductor  Coils  Are  in  Slots  Distributed  Along  in  the  Surface 
of  the  Armature  will  now  be  considered  in  connection  with 
Figs.  397il  to  397L.  The  essential  principles  are  the  same  as 
those  already  recited  in  Arts.  514  and  702.  However,  just  what 
happens  is  not  always  readily  apparent  to  the  student;  hence  this 
detailed  treatment.  Although  in  the  following  it  is  assumed 
that  the  armature  is  stationary  and  that  the  field  poles  are 
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Fig.  397 a. — Diagram  to  illustrate  theory  of  the  induction  of  an  alternating 
e.m.f.  by  an  alternator. 

moved,  a  consideration  of  the  situation  will  render  it  apparent 
that  practically  the  same  explanation  applies  also  in  the  case  of 
moving-armature  (revolving-armature)  machines. 

Explanation. — Consider  the  apparatus  of  Fig.  397A.  A  permanent 
horseshoe  magnet  (Art.  80),  3f,  provides  a  magnetic  field  as  shown  in  Fig. 
397B.  The  magnet  may  be  moved  longitudinally,  just  above  but  not 
touching  the  stationary  laminated  iron  slab,  which  has  conducting  coils 
mounted  in  but  insulated  from  slots  in  its  surface.  The  iron  slab  may  be 
considered  as  the  equivalent  of  the  "developed"  (Art.  599)  armature  core  of 
an  alternator.  The  arrangement  of  the  armature  coils  represents  a  typical 
one  for  alternators  but  is  not  the  only  way  in  which  the  coils  may  be.  ar- 
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ranged.    However,  the  general  principle  to  be  described  holds  for  all  prac- 
ticable arrangements  of  coils. 

Now  if  the  permanent  magnet,  M, — the  equivalent  of  field  magnets  of  a 
revolving-field  alternator — ^is  pushed  in  either  direction  along  over  the  coils, 
as  shown  in  Figs.  397A  to  397/2,  a  sine-wave  alternating  e.m.f.  will  be  in- 
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Fig.  397B. — Diagrammatic  representation  of  apparatus  for  illustrating  induc- 
tion of  an  alternating  e.m.f.  by  an  alternator.     (No  current  at  this  instant.) 

duced  in  the  coil  inductors,  as  will  be  shown.  Obviously,  an  alternating 
current  will  then  be  impelled  in  the  external  circuit  connected  to  the  induc- 
tors. 

An  alternating  e.m.f.  will  be  induced  in  the  inductors  if  the  permanent 
magnet  is  started  from  the  right  end  and  swept  toward  the  left  or  if  it  is 
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Fio.  397C. — Field  magnet  has  been  shifted  through  30  electrical  degrees.     (Cur- 
1^   rent  has  started  to  flow  in  the  positive  direction  in  the  external  circuit.) 

started  at  the  left  end  and  swept  toward  the  right.     In  the  following  ex- 
planation it  will  be  assiuned  that  the  magnet  is  moved  from  left  to  right. 

Assume  that  the  magnet,  Mj  is  started  from  the  position  shown  in  Figs. 
397u4  and  397B.  At  the  instant  just  after  its  uniform  movement  toward 
the  right  is  commenced,  the  flux  of  the  magnet  will  not  cut  any  armature- 
coil  inductors  because  at  this  instant  its  flux  will  obviously  tend  to  complete 
its  magnetic  circuit  through  the  iron  as  shown  in  Fig.  397B. 
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Hence,  at  this  instant,  no  e.m.f .  will  be  induced  in  the  armature  inductors. 
However,  as  the  movement  of  the  magnet  is  continued,  its  flux  does  start 
to  cut  the  inductors.  The  flux  from  the  magnet  poles,  as  they  are  moved 
toward  the  right,  starts  cutting  the  inductors  gradually  because  the  poles 
should  be  so  proportioned  as  described  hereinafter  (Art.  709)  that  the  flux 
is  weak  toward  the  sides  of  the  poles  and  strongest  toward  their  centers. 
The  instant  that  the  flux  commences  cutting  the  inductors  then  an  e.m.f. 
will  be  induced  in  the  inductors.  The  e.m.f.  induced  at  any  instant  will, 
as  has  been  shown,  be  proportional  to  the  rate  of  cutting  at  that  instant 
(Art.  438).  The  directions  of  the  e.m.f s.  will  be  as  shown  in  Fig.  S97C 
for  the  conditions  of  that  instant.  Verify  the  e.m.f.  directions,  using  the  right- 
hand  rule  for  determining  the  direction  of  an  induced  e.m.f.  of  Art.  427. 

At  the  instant  just  after  the  magnet  has  been  moved  through  30  electrical 
degrees  (Fig.  382)  a  flux  of  considerable  strength  is  cutting  the  inductors 
in  slots  2  and  3.  Therefore,  an  e.m.f.  proportional  to  this  rate  of  cutting 
is  induced  at  this  instant  in  these  inductors.    The  e.m.f.  induced  at  this 
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Fio.  397D. — Field  magnet  has  been  shifted  through  60  electrical  degrees. 
(A  greater  current  is  at  this  instant  flowing  in  the  external  circuit  in  the  positive 
direction.) 


instant  should  be  proportional  to  the  vertical  distance  AB  (Fig.  397C)  if 
the  device  (shown  in  Fig.  397il)  has  been  correctly  designed  to  induce  a 
sine-wave  e.m.f. 

Note  that  the  e.m.fs.  induced  in  the  inductors  in  slot  2  are  in  series  with 
and  in  the  same  electrical  direction  as  those  induced  in  the  inductors  in 
slot  3.  The  total  e.m.f. — the  sum  of  that  induced  in  the  inductors  in  slot 
2  and  that  induced  in  the  inductors  of  slot  3 — ^impels  a  current  through  the 
external  circuit.  This  current  is  also  forced  through  the  inductors  in  slots 
4  and  5,  since  they  are  in  series  with  the  other  inductors,  although  there  is 
no  e.m.f.  being  induced  in  these  inductors  (in  4  and  5)  at  this  (Fig.  397C) 
instant.  Note  that  the  current  in  the  external  circuit,  at  this  instant,  is 
from  left  to  right — ^which  we  will  designate  as  the  positive  direction  (Art. 
521).  The  lengths  of  the  dotted  arrows,  which  indicate  current  direction, 
is  proportional  to  the  current  intensity  at  this  instant. 

As  the  movement  of  the  permanent  magnet,  M,  toward  the  right  is  con- 
tinued, the  flux  will  continue  to  cut  the  inductors  in  slots  2  and  3.    The 
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e.m.f .  will  become  greater  from  instant  to  instant  because,  while  the  magnet 
is  being  shifted  toward  the  right,  the  flux  cutting  the  inductors  becomes 
stronger  as  the  centers  of  the  magnet  poles  approach  positions  directly  over 
the  inductors  in  the  slots.  At  the  instant  of  Fig.  397D  the  magnet  has 
been  shifted  through  60  electrical  degrees.     The  e.m.f.  being  induced  at 


Fio.  S97E. — Field  magnet  has  been  shifted  through  90  electrical  degrees. 
(Current  has,  at  this  instant,  attained  its  maximum  value  in  the  external  circuit 
in  the  positive  direction.) 

this  instant  is  proportional  to  the  vertical  distance  CD.  The  e.m.f.  is  still 
in  the  positive  direction  (hand  rule,  Art.  427)  and  the  current  forced  by  it 
through  the  circuit  is  in  the  positive  direction,  as  represented  in  direction 
and  in  intensity  by  the  dotted  arrows. 
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Fig.  397 F, — Field  magnet  has  been  shifted  through  120  electrical  degrees. 
(Current  is  now  decreasing  but  is  still  flowing  in  the  positive  direction  in  the 
external  circuit.) 


As  the  uniform  movement  of  the  magnet,M,  toward  the  right  is  continued, 
the  position  of  Fig.  397^  is  soon  attained.  At  this  instant  the  inductors 
are  being  cut  by  the  field  that  is  directly  under  the  centers  of  the  magnets 
where  the  field  is  strongest.  Hence,  at  this  instant,  a  maximum  e.m.f., 
proportional  to  EF,  is  being  induced.  The  current  at  this  instant  is  there* 
fore  a  maximum — and  it  is  in  the  positive  direction. 

Now  as  the  transition  of  the  magnet,  3f ,  is  continued,  the  inductors  are 
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being  cut  by  a  weaker  flux,  hence  the  e.m.f.  now  decreases  from  instant  to 
instant.  At  the  instant  of  Fig.  397F,  the  e.mi.  is  proportional  to  only  OH. 
At  the  instant  of  Fig.  397G  the  e.m.f.  is  proportional  to  //.  The  current  is 
obviously  also  now  decreasing  from  instant  to  instant — ^but  is  still  in  the 
positive  direction. 


3"  Sixth  Instant 


Fig.  397G. — Field  magnet  has  been  shifted  through  150  electrical  degrees. 
(Current  at  this  instant  is  still  decreasing  but  is  still  flowing  in  the  positive 
direction.) 

When  the  position  of  the  instant  of  Fig.  S97H  is  reached,  no  flux  is  cutting 
the  inductors.  Hence  no  e.m.f.,  as  indicated  at  K,  is  being  induced  and 
there  is  no  current  in  the  circuit.  Note  that  the  e.m.f .  and  the  current  have 
gradually  increased  to  a  maximum  and  decreased  gradually  to  sero,  in  the 
positive  direction  JK,  as  shown  by  the  sine  curve  XBDFHJK,  while  the  mag- 
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FiQ.  397 H. — Meld  magnet  has  been  shifted  through  180  electrical  degrees 
(No  e.m.f.  is  being  induced  at  this  instant,  hence  there  is  no  current  in  the  exter- 
nal circuit.) 


net,  Mf  has  been  shifted  through  180  electrical  degrees.     The  e.m.f.  has 
passed  through  one  alternation. 

As  the  movement  is  continued,  the  flux  will  now  cut  the  inductors  of 
slots  3  and  4.  But  note  (Fig.  3977)  that  the  flux  is  now  cutting  the  induct- 
ors in  a  direction  opposite  to  that  obtaining  previously.     It  follows  that  the 
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e.m.f.  and  current  will  be  in  a  direction  opposite  to  that  obtaining  during 
the  first  180  degrees.    At  the  instant  of  Fig.  3977,  after  the  magnet  has  been 


Fio.  3977. — Field  magnet  has  been  shifted  through  225  electrical  degrees. 
(E.m.f.  and  current  are  now  in  the  negative  direction  in  the  external  circuit  and 
the  current  is,  at  this  instant,  increasing  in  this  direction.) 


Fio.  397/. — Field   magnet   has   been   shifted    through  ^270  electrical  degrees 


Fio.  397/C. — Field  magnet  has  been  shifted  through  315  electrical  degrees. 


shifted  through  225  degrees,  the  e.m.f.  has  now  increased  in  the  negative 
direction  so  as  to  be  proportional  to  LM.     The  dotted  arrows  represent  the 
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direction  and  intensity  of  the  current  at  this  instant.  (The  pictures  are 
now  showing  conditions  at  45-degree  intervals  instead  of  at  30-degree  in- 
tervals as  during  the  first  180  degrees.) 

Fig.  397J  pictures  conditions  at  the  270-degree  instant.  The  e.m.f.  and 
current  have  increased  to  a  maximum  in  the  negative  direction.  The  e.m.f. 
at  this  instant  is  proportional  to  NO,  Now  as  movement  is  continued, 
the  e.m.f.  induced  will  decrease  gradually,  as  shown  by  the  sine  curve  until, 
at  the  instant  shown  in  Fig.  397X  it  will  have  decreased  to  a  value  propor- 
tional to  PQ.    E.m.f.  and  current  are  in  the  negative  direction. 

Fig.  397L  diagrams  conditions  after  the  magnet  has  been  shifted  through 
360  degrees.  The  e.m.f.  and  current  have  again  decreased  to  zero  at  this 
instant.    A  cycle  has  been  completed. 

If  it  is  assumed  that  the  permanent  magnet,  Af ,  was  moved  at  such  a 
uniform  rate  as  to  induce  a  60-cycle  e.m.f.,  it  would  require  just  )^o  sec.  to 
move  it  through  the  360  electrical  degrees  constituting  a  cycle.    If  the  mag- 
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FiQ.  397L. — Field  magnet  has  been  shifted  through  360  electrical  degrees. 


net  were  started  (Fig.  397 J?)  at  just  2  o'clock,  Fig.  397L  would  (for  a  fre- 
quency of  60  cycles)  represent  conditions  Ho  sec.  after  2  o'clock.  The 
intervening  illustrations  illustrate  correspondingly  the  conditions  at  the 
different  tinie  instants  as  noted. 

Consideration  of  the  facts  will  then  render  it  obvious  that  if 
a  number  of  armature  coils  are  arranged  in  an  armature  core  and 
a  suitable  number  of  electromagnetic  poles  are  arranged  (as 
shown  in  Fig.  397Af)  so  that  the  poles  may  be  swept  past  the 
coilS;  alternating  e.m.fs.  will  be  induced  in  these  coils  when  the 
poles  are  shifted.  By  forming  the  developed  armature  into  a 
ring  and  by  mounting  the  poles  on  a  wheel  (Fig.  392)  to  rotate 
within  the  armature  ring,  an  arrangement  whereby  the  poles  may 
be  continuously  swept  past  the  coils  is  provided.  Such  an  ar- 
rangement would  constitute  a  revolving-field  alternator  (Fig. 
389). 

32 
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709.  The  Distribution  of  Flux  under  a  Field-pole  Face  is  shown 
ill  Fig.  397JV.    Note  that  in  this  illustration  the  flux  is  much 


Fig.  397Af." 
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-Development  of  armature  and  field  indicating  method  whereby  an 
alternating  e.m.f.  is  induced. 


denser  at  the  middle  of  the  pole  than  at  the  sides.    Rounding  off 
the  pole  face,  AB,  as  illustrated  obviously  tends  to  produce  this 

condition.  As  is  noted  in  the 
explanation  under  Art.  708,  such 
a  non-uniformity  of  field,  if  con- 
sistently planned,  assists  toward 
the  production  of  a  sine-wave 
form  e.m.f.  If  the  flux  in  the 
air  gap  were  uniform  all  along 
under  the  pole  face,  the  e.m.f.  in- 
duced in  an  inductor,  when  the 
pole  were  swept  past  the  induc- 
tor, would  tend  to  have  a  flat- 
topped  form  somewhat  like  that 
of  Fig.  73,7  rather  than  a  sine- 
wave  form.  In  fact  the  wave  form  of  the  e.m.f.  induced  by  an 
alternator  can  be  controlled  to  a  considerable  extent  by  varying 


Fig.  397iV. — Showing  how  the  den- 
8ity*of  the  flux  under  a  field  ^pole 
may  vary. 
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the  contour  of  the  pole  face.  The  wave  form  is  also  dependent 
on  the  arrangement  of  the  inductors  in  the  armature  slots. 
Distributing  the  inductors  along  in  the  armature  surface  (rather 
than  concentrating  them  at  a  few  locations)  tends  toward  the  pro- 
duction of  a  sine-wave  e.m.f . 

710.  The  Simplest  Explanation  of  the  Induction  of  an  Alternat- 
ing E.m.f .  in  a  Coil»  Past  Which  a  Magnet  Pole  Is  Moved^  follows 
from  the  rule  of  Art.  428.  While  a  moving  field  pole  is  ap- 
proaching a  position  just  opposite  a  stationary  coil,  it  is 
obvious  that  then  the  flux  enclosed  by  the  coil  is  increasing. 
Hence,  an  e.m.f.  is  then  induced  in  one  (clockwise  or  counter- 
clockwise) direction  in  the  coil  Fig.  3970.  When  the  pole  is 
moving  away  from  the  coil,  the  flux  is  decreasing  which  effects 


Flux  Decreasing 


'■D/r«cf/di7  of  FkiK  or 
of  Lints  of  Forct 

Fio.  3970. — Illustrating  the  rule:  "Look  through  the  coil  in  the  direction  of  the 
lines  of  force,  then  a  decrease  in  the  flux  enclosed  by  the  coil  induces  an  e.m.f.  in  a 
clockwise  direction." 

the  induction  of  an  e.m.f.  in  the  opposite  direction.  Thus,  as 
the  pole  approaches,  moves  past  and  leaves  the  coil,  an  alternat- 
ing e.m.f.  is  induced  in  the  coil. 

711.  Where  a  High  £.mi.  Is  to  Be  Induced  in  the  Armature  of 
a  Revolving-field  Alternator  a  Number  of  Inductor  Turns  Must 
Be  Connected  in  Series. — ^That  this  should  be  true  will  be  evident 
from  a  consideration  of  the  statements  of  Art.  564  where  it  is 
explained  that  in  direct-current  generators  a  number  of  turns  are 
connected  in  series  where  voltages  sufficiently  high  to  be  used  in 
practice  are  to  be  induced.  It  is  obvious,  therefore,  that  the 
rate  of  catting  flux  (Art.  438),  hence  the  induced  voltage,  obtain- 
able with  an  arrangement  Uke  that  of  Fig.  397L  would  be  very 
small.  For  the  induction  of  usable  voltages  a  number  of  arma- 
ture turns  of  the  generator  must  be  connected  in  series  as  shown 
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diagrammatically  in  Fig.  397P,  which  illustrates  a  principle 
rather  than  actual  construction.  The  greater  the  number  of 
turns  in  series  in  the  armature  winding,  the  greater  the  rotat- 
ing-field  flux,  and  the  greater  the  rotational  speed  of  the  field, 
the  greater  will  be  the  rate  of  cutting.  Hence,  the  effective 
induced  e.m.f.  will  be  increased  if  any  one  of  these  factors  is 
increased  and  it  will  be  decreased  if  any  one  of  them  is  decreased. 
712.  An  Alternation  Is  Completed  When  a  Field  Pole  Has  Been 
Moved  a  Distance  Equal  to  the  Distance  Between  Center  Lines 
of  Adjacent  Field  PoleSi  that  is  the  distance  ABy  Fig.  397Jlf. 
A  study  of  illustrations  Figs.  397ii  to  397L  and  the  text  accom- 
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Fio.  397P. — Diagram  of  a  two-pole,  revolving-field  generator  (single  phase). 
(Strictly,  the  pole  faces  indicated  above  should  be  no  wider  than  the  armature 
coils  to  insure  correct  generation  of  e.m.fs. 

panying  them  will  demonstrate  the  truth  of  this  statement.  Also, 
note  that  a  cycle  is  completed  when  any  field  pole  has  been  moved 
a  distance  {AC,  Fig.  397 Af)  egtud  to  the  distance  between  the  center 
lines  of  aUemaie  fisld  poles — poles  of  Uke  polarity. 

713.  To  Compute  the  Frequency  of  the  £.mi.  Induced  by 
Any  Alternator  (the  following  rule  and  formulas  are  true  for 
revolving-armature  or  revolving-field  and  polyphase  or  single- 
phase  alternators) :  Multiply  the  number  of  pairs  of  poles  by  the 
speed  of  the  armature  in  revolutions  per  second.     That  is: 

poles  X  r.p.m. 


(173) 


,         poles  ^^  r,p,m. 
cycles  =  -^  X  -^ 


60 


120 
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Wherein  cycles  =  frequency  of  the  machine,  in  cycles  per  second. 
R.p.m.  =  revolutions  per  minute  of  the  rotor — either  the  field 
or  the  armature — of  the  machine.  Poles  =  number  of  poles 
of  the  machine,  either  field  poles  or  armature  poles.  It  also 
follows  that: 

(174)  dUemations  per  second  = ^ 

(174o)  aUemcUions  per  minute  =  poles  X  r,p.m. 

Alternations  are  ordinarily  expressed  in  alternations  per  minvJte 
and  unless  definitely  specified  in  alternations  per  second,  the 
term  ''alternations"  is  taken  to  designate  alternations  per  minute. 

Explanation. — Obviously,  from  the  explanation  of  Art.  712,  each  time 
the  loop  of  an  elementary  bipolar  alternator,  Fig.  255,  is  rotated  one  com- 
plete revolution,  the  e.m.f.  values  pass  through  1  cycle  (Art.  681).  If  the 
speed  is  1  revolution  per  sec,  the  frequency  will  evidently  be  1  cycle  per 
sec.  Thus,  with  1  revolution  per  sec.  and  one  pair  of  poles,  the  frequency  is 
1  cycle  per  sec.  Plainly,  if  the  speed  is  increased,  the  frequency  will  be 
increased  in  proportion.  In  the  formula  (173)  above,  '^r.'p.mJ*  is  divided 
by  60  to  get  it  into  cycles  per  second.  "Poles**  is  divided  by  2  to  obtain 
niunber  of  '*pairs  of  poles." 

A  consideration  of  the  facts  will  demonstrate  that  the  e.m.f.  induced  by 
the  two-pole  "revolving-field  alternator"  of  Fig.  397P,  which  has  one  pair 
of  poles,  will  pass  through  a  cycle  per  revolution;  with  2  revolutions  per  sec, 
the  frequency  will  be  2  cycles  per  sec,  etc.  Now  with  the  four-pole  "re- 
volving-field alternator"  of  Fig.  396,  which  has  two  pairs  of  poles,  there  will, 
manifestly,  be  twice  as  many  cycles  per  revolution.  Hence  it  is  apparent 
that  the  frequency  is  also  directly  proportional  to  the  number  of  poles. 

See  the  table  in  the  author's  American  Electricians'  Hand- 
book showing  frequencies  for  different  numbers  of  poles  and 
speeds  and  vice  versa. 

Example. — If  a  two-pole  alternator  (Fig.  397P)  is  driven  at  3,600  r.p.m., 
what  will  be  the  frequency?  Solution. — Substitute  in  the  formula  (173): 
cycles  =  poles  X  r.p.m.  ^  120  =  2  X  3,600  -^  120  =  7,200  +  120  =  60 
cycles. 

Example. — If  the  four-pole  alternator  of  Fig.  396  is  to  operate  at  60 
cycles,  at  what  speed  must  it  be  driven?  Solution. — r.p.m.  =  120  X 
cycles  -5-  poles  «  120  X  60  -«-  4  =  7,200  •*-  4  =  1,800  r.p.m. 

Note. — It  is  apparent  from  the  above  examples  that,  for  a  frequency  of 
60  cycles,  if  "7,200"  be  divided  by  the  nuniber  of  poles,  the  r.p.m.  will  be 
the  result.  If  "7,200"  is  divided  by  the  speed  the  number  of  poles  will  be 
the  result  For  25  cycles,  the  constant  "3,000"  may  be  similarly  used. 
Thus,  for  a  60-cycle  circuit,  the  12-pole  field  of  Fig.  393,  would  have  to  be 
rotated  at:  7,200  +  12  =  600  r.p.m.  For  a  60-cycle  circuit,  the  100-pole 
field  of  Fig.  392  would  have  to  turn  at:  7,200  4-  100  ■>  72  r.p.m. 
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714.  Commercial  Alteniating-current  Generators  Develop 
£.m.fs.  of  Approximate  Sine-wave  Form. — Usually  they  are 
almost  but  not  quite  true  sine  waves.  This  matter  has  already 
been  discussed  in  Art.  525.  It  follows  that  the  alternating  cur- 
rents of  practice  also  have  approximate  sine-wave  forms.  While 
the  wave  form  of  the  e.m.f.  induced  in  a  single  loop  rotated  at 
a  uniform  speed  in  a  uniform  magnetic  field  (as  in  Fig.  255)  is  a 
true  sine  curve,  this  wave  form  is  not  inherently  characteristic 
of  alternators.  Practical  alternators  do  not  have  single-loop 
inductors  nor  are  their  magnetic  fields  uniform.  In  fact,  skill- 
ful designing  is  necessary  in  commercial  machines  to  obtain  the 
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Fig.  307Q. — Use  of  a  three-phase  generator  for  single-phase  service. 

approximate  sine-wave  forms  which  these  machines  produce. 
The  advantages  of  the  sine-wave  form  are  enumerated  in  Art.  525. 
716.  Single-phase  Generators  are  seldom  manufactured  now, 
firstf  because  there  is  little  demand  for  them  and,  secondlyy 
because  polyphase  generators  are  more  economical  in  the  utiliza- 
tion of  their  constructive  materials.  Where  it  is  necessary  that 
a  single-phase  current  be  generated,  it  is  the  practice  to  use  two 
**phase  wires"  of  a  three-phase  machine  (Fig.  397Q).  The  single- 
phase  capacity  of  a  three-phase  machine  is  70  per  cent,  of  its 
three-phase  capacity.  That  is,  a  100-kva.,  three-phase  machine 
will  deliver  70  kva.,  single  phase. 


SECTION  44 

ALTERNATING-CURRENT   VECTORS  AND   VECTOR 
DIAGRAMS 

716.  The  Words  ^^Lagging"  or  "Lag**  as  they  are  used  in 
alternating-current  parlance  really  refer  to  time.  If  an  alternat- 
ing current  (or  an  alternating  voltage)  "lags"  behind  another 
alternating  current  (or  voltage)  the  current  (or  voltage)  which 
lags,  attains  its  maximum  value  in  each  alternation  a  certain 
interval  of  time  later  than  does  the  current  (or  voltage)  behind 
which  it  lags.  Since  time  may  be  expressed  in  electrical  degrees 
(Art.  528),  it  may  be  stated  that  a  current — or  voltage — lags 
behind  another  current — or  voltage — ^by  a  certain  number  of 
degrees.  With  a  frequency  of  26  cycles  (Fig.  68)  1  degree  is 
equivalent  to:  Hs  ««c.  -^  360  deg.  =  ^^  X  Heo  =  ^.ooo  sec. 
With  a  frequency  of  60  cycles  (Fig.  70)  1  degree  is  equivalent  to: 
}io  sec,  -i-  360  deg,  =  3^0  X  J^eo  =  >^i.600  ««c. 

Example. — In  Fig.  426  the  current  lags  behind  the  impressed  e.m.f.  by 
90  degrees.  That  is,  in  each  alternation,  the  current  attains  its  maximum 
value  (at  /m),  90  degrees  later  than  the  impressed  e.m.f.  attains  its  maximum 
value  (at  il).  If  the  current  shown  were  a  26-cycle  current,  it  would  then 
with  conditions  as  illustrated  reach,  in  each  alternation,  its  maximum  value: 
90  X  K.ooo  **  Koo  sec.  later  than  the  e.m.f.  attained  its  maximum  value. 
With  a  60-cycle  current  and  the  conditions  as  shown,  the  current  would 
lag  behind  the  voltage  by  90  X  Mi.eoo  ««c.  =  ^40  »«c. 

717.  The  Words  "Leading*'  or  "Lead*'  as  used  in  reference 
to  alternating-current  phenomena  also  refer  to  tinae.  When  a 
current  (or  voltage)  "leads''  another  current  (or  voltage),  it 
attains  its  maximum  value  in  each  alternation  a  certain  interval 
of  time  before  the  voltage  (or  current)  which  it  leads  attains  its 
maximum  value.  The  amount  of  lead  in  any  case  may  be  ex- 
pressed either  in  degrees  or  in  seconds  as  may  lag,  as  described 
above. 

Example. — In  Fig.  451  the  current,  A,  leads  the  impressed  e.m.f.,  B,  by 
90  degrees,  as  shown  for  instance  at  XY,  In  Fig.  426  the  impressed  e.m.f. 
leads  the  current  by  90  degrees  as  shown  for  instance  at  MN,  and  the  im- 
pressed e.m.f.  leads  the  counter  e.m.f.  by  180  degrees  as  shown  for  instance 
at  PQ. 
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718.  There  Are  Two  Graphic  Methods  of  Representing  Al- 
ternating £.m.f.  or  Current  Values.— by  Vectors  and  by  Sine 
Curves. — That  this  statement  is  true  might  be  inferred  from 
preceding  statements  (Art.  526).  Each  of  the  two  methods  has, 
as  will  be  demonstrated,  its  appUcations.  Furthermore,  it  is 
sometimes  desirable  to  use  the  two  in  conjunction  with  one 
another. 

w... IOVoit9 M  r(- 25Ampr M 
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FiQ.  397i2. — Vectors  representing  voltages  and  currents. 

719.  A  Vector  (review  Art.  526)  is  a  Une  representing  by  its 
length  the  intensity  of  some  certain  alternating  e.m.f.  (voltage) 
or  alternating  current. 

Example. — ^Refer  to  Fig.  S97R.  The  line  AB  represents,  to  scale,  an 
e.m.f.  of  10  volts  in  one,  say  the  positive,  direction  (Art.  521).  Then  DC 
represents,  to  the  same  scale,  an  e.m.f.  of  20  volts  in  the  opposite  or  negative 
direction.  Similarly,  FE  may  represent  to  scale  a  current  of  25  amp.  in 
the  negative  direction  while  GH  represents,  to  the  same  scale,  a  current  of 
15  amp.  in  the  positive  direction.    Vectors  may,  obviously,  be  drawn  to 
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Fig.  398. — Explanation  of  vector  conventions. 

any  convenient  scale.    Where  two  vectors  are  to  be  compared^  both  should 
be  drawn  to  the  same  scale. 

720.  Sometimes  Vectors  Are  Assumed  to  Rotate  as  in  Figs. 
270  and  398.  When  a  vector  rotates  (Art.  526),  the  distance, 
at  any  given  instant,  of  the  end  of  the  vector  describing  the  circle, 
from  the  zero  (usually  taken  as  the  horizontal)  axis  is  propor- 
tional to  the  instantaneous  value  of  the  e.m.f.  or  current  de- 
veloped at  the  corresponding  instant. 
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Examples. — ^The  line  OA  in  Fig.  398  is  a  rotating  vector.  The  length  of 
line  ED  is  proportional  to  the  instantaneous  e.m.f .  induced  at  the  45-degree 
instant. 

The  distance  around  the  circle  of  Fig.  398  is  measured  in 
degrees,  and  each  degree  represents  a  certain  interval  of  time. 
(The  actual  length  of  the  time  interval  in  seconds  can  in  any 
case,  where  necessary  or  desirable — be  determined  by  consider- 
ing the  frequency  as  shown  in  Figs.  68  and  70.)  Instantaneous 
values — for  example,  AB — determined  as  above  described,  may 
be  plotted  into  a  sine  curve  as  shown  in  Fig.  398. 

Note.* — Aa  ordinarily  used  a  vector  represents  the  magnitude  of  the 
maximum  value  of  the  alternating  wave  current  or  voltage  but  it  may,  if 
drawn  to  proper  scale,  represent  the  effective  value.  Fig.  398  shows  two 
methods  of  representing  an  alternating  wave.  The  wave  may  be  plotted 
on  a  time  axis,  XY,  in  which  case  the  amplitude,  BCy  of  the  wave  is  the  maxi- 
mum value,  and  instantaneous  values  are  ordinates  to  the  curve  at  the 
particular  instants  considered,  for  example  DE  is  the  instantaneous  value 
at  the  45-degree  instant. 

Another  way  of  plotting  the  wave  is  by  a  vector  OA,  the  length  of  which 
is  proportional  to  the  maximum  value  of  the  wave  and  which  is  supposed  to 
rotate  counterclockwise  at  such  a  constant  speed  that  it  makes  one  complete 
revolution  in  the  time  required  for  the  wave  to  complete  one  cycl«.  The 
instantaneous  values  of  the  wave  are  always  equal  to  the  projection  of  the 
vector  at  the  given  instant  on  a  vertical  line.  Thus,  it  is  shown  in  Fig.  398 
that  the  ordinate  ED  of  the  curve  at  the  45-degree  instant  is  equal,  by  con- 
struction, to  the  projection  P  of  the  vector  OA, 

In  the  wave  figure  the  difference  of  time  phase  is  represented  by  the  dis- 
tance on  the  axis  XY  between  the  sero  points  of  the  waves.  It  is  evident 
from  the  above  that  a  rotating  vector  figure  always  represents  maximum 
values.  It  is  possible  to  represent  effective  values  to  a  different  scale  by 
non-rotating  vectors  because  they  are  equal  to  maximum  values  divided  by 
the  constant,  1.41.  Instantaneous  values  can  not  be  shown  directly  in  a 
vector  figure  or  phase  diagram,  but  must  be  obtained  by  taking  projections. 

Note. — ^The  lines  of  different  kinds — open,  black,  dotted,  dashed,  etc., — 
used  in  a  number  of  the  following  illustrations,  have — ^insofar  as  they  are 
different  kinds  of  lines — ^no  special  significance.  The  reason  why  the  differ- 
ent kinds  of  lines  have  been  used  for  representing  different  electrical  quan- 
tities and  values  is  merely  so  that  the  line  repriesenting  one  quantity  may  be 
readily  distinguished  from  another  line  in  the  same  diagram  representing 
a  different  quantity.  Plain  black,  thin  lin^  could  have  been  used  for  all 
of  the  lines  in  all  of  the  diagrams — ^but  the  diagrams  might  then  have  been 
much  more  difficult  to  follow. 

721.  Reference  Lines  in  Phase  or  Vector  Diagrams  are  often 
drawn  before  any  of  the  vectors  are  plotted  so  that  when  the 
vectors  are  plotted  they  can  be  located  in  some  definite  position. 

•  Elbctbic  Journal. 
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Thus  Fig.  399,7,  shows  how  such  reference  lines,  AA  and  BB, 
are  usually  drawn  at  right  angles  to  one  another.  Obviously 
these  reference  lines  may  be  of  an  indefinite — any  convenient — 
length.  At  //  is  shown  a  vector  O'E'  plotted  in  the  45-degree 
phase  position — ^assuming  counterclockwise  rotation.  Usually 
vectors,  in  phase  diagrams,  representing  current  values  or  values 
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Fio.  399. — Showing  reference  lines  or   axes  for  vector   diagrams  and  their 

application. 

in  phase  with  current  values  are  plotted  along  the  horizontal 
axis  or  reference  line,  as  shown  in  Fig.  400.  Also  vectors  repre- 
senting the  energy  e.m.f. — to  be  discussed  later,  Art.  744 — ^are 
usually  plotted  on  the  horizontal  axis.  The  vector  OA  in  Fig. 
400  represents  to  scale,  as  shown,  an  alternating  current  of  80 

amp.,  which  may  be*  either  a 
maximum  or  an  effective  value. 
722.  Phase  Diagrams  and 
Vector  Diagrams  are  shown  in 
the  accompanying  illustrations. 
A  phase  diagram*  represents  the 
magnitude  and  relative  phase 
positions  of  electric  pressures 
(e.m.fs.  or  voltages)  or  currents. 
A  vector  diagram  represents  the 
magnitude  of  the  pressures  or 
currents  but  may  not  represent 
their  phase  relations.  A  vector  diagram  is  always  a  polygon  and 
is  often  a  triangle.  Both  phase  and  vector  diagrams  are  com- 
posed of  vectors  which  may  (except  where  the  vector  is  rotating) 
represent  either  effective  or  maximum  values.  As  suggested 
above,  rotating  vectors  can  represent  only  maximum  values. 
Since  an  effective  value  is  always  equal  to  0.707  times  its  maxi- 
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Fig.  400. — ^A  vector  representing  a 
current  of  80  amp.  plotted  on  refer- 
ence lines. 
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mum  value  (Art.  697),  the  same  vector  (unless  it  is  a  rotating 
vector),  if  the  proper  scale  is  assumed,  may  represent  either  an 
effective  or  a  maximum  value. 


■tOUhfts 

I'Pdose  Diagram 

Fio.  401. — Phase  and  vector  diagrams. 

Examples  op  Phabb  and  Vector  Diaqrams.    The  Principle  of  Com- 
position.— First  consider  the  phase  diagram  of  Fig.  401,7.    K  an  alter- 


-FrecfuencyliVj  Cyd*% 


'Rtacis  126  Volts 


'-Rnisteaxg  10 Ohms  ^- L»aOI Henry; 2 nfL^  12.9  Ohms 


I-  Circuit  Diagram 


■"»Ohms >1      V'* 

I- Resistance  Phase  Diagrarre 


Resisionoe  •  10  Ohms 


m-Resfeto^ice  Vector 
Diagram 


Sr- Voltage  Phase  Diagram 
Curnnt»tOAn\pL 


ActfveLUK'JOOVbfts 


Y- Voltage  Vector  Diagram 
Current '10  Amp. 


FiQ.  402. — Examples  of  phase  and  vector  diagrams. 

nating  e.m.f.  of  5  volts  be  represented  by  OCy  5  units  long,  and  another 
e.m.f.  of  10  volts,  of  the  same  frequency  but  which  lags  60  degrees  behind 
the  first,  be  represented  by  OA,  60  degrees  away  from  OC  and  10  units  long, 
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then  OB  (which  scales  13  units  long)  will  represent  their  resultant  or  sum. 
In  other  words,  the  length  of  the  line  OB  to  scale  is  equal  to  the  sum  of  the 
e.m.fs.  of  5  volts  and  10  volts  which  differ  in  phase  by  60  degrees.  The  line 
OB  is  obtained  by  completing  a  parallelogram,  having  OC  and  OA  for  two 
of  its  sides  then  the  diagonal  OB  is  the  sum  (vector  sum)  of  OC  and  OA, 
The  resultant  e.mj.,  13  volts,  will  lag  D  degrees  behind  OC  and  will  lead 
OA  by  E  degrees. 

The  vector  diagram.  IHg.  401,//,  which  is  equivalent  to  the  phase  dia* 
gram  of  /,  is  obtained  by  drawing  lines  equal  and  parallel  to  those  represent- 
ing the  same  values  in  the  phase  diagram.  Note  that  in  the  vector  diagram, 
the  phase  relations  (angles)  between  O'B'  and  D'A'  and  between  O'B'  and 
O'C  are  correct  and  correspond  to  those  in  /.  But  to  obtain  the  true  angle 
(60  degrees)  between  O'C  and  O'A',  the  angle  F  (in  //)  must  be  taken.    The 


R0Sf5fWK9  MitlDobig  Work 
E-Voitfligo  Dioigreim 


'R^ristcincft  DMJMjrcuitt 


Ustful  orDwgy  Currmrh"- 
I- Current  Dicigram 


Fio.  403. — Typical  vector  diagrams. 

lines  OC,  O'C,  OA  and  O'A'  are  called  components;  OB  and  O'B'  are  respect- 
ively their  resiUtants, 

In  Fig.  402  are  shown  the  phase  and  vector  diagrams  of  the  resistfince 
and  voltage  conditions  obtaining  in  the  circuit  and  with  the  frequency  indi- 
cated. *  These  diagrams  and  their  significance  will  be  further  explained  in 
following  matter.  Some  other  typical  vector  diagrams,  which  will  also  be 
further  treated  subsequently,  are  shown  in  Fig.  403.  The  symbol  ^  is  a 
Greek  letter  pronounced  phi;  it  is  often  used  as  a  designation  or  ''short- 
hand" expression  to  indicate  a  lag  angle.  While  the  diagrams  of  Figs.  401, 
402  and  403  show  voltage  values,  similar  diagrams  may  be  plotted  to  repre- 
sent current  values. 

723.  The  Resolution  of  an  Alternating  E.mi.  into  Components 
is  a  process  which  is  the  inverse  of  combining  two  alternating 

*  Jaokson's  Ai/rmBXATijtQ  Cuaaains. 
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e.m.fs.  to  ascertain  their  resultant  e.m.f .  or  their  sum  as  just  de- 
scribed in  the  example  under  Art.  722.  Any  alternating  e.m.f. 
of  a  given  frequency  may  be  "resolved"  into  two  e.m.fs.  of  the 
same  frequency  which  two  e.m.fs.  will  differ  in  phase  from  one 
another  by  a  selected  phase  angle.  That  is,  the  sum  of  the  two 
e.m.fs.  thus  obtained  will  equal  the  resultant — or  their  combined 
— e.m.f.  The  process  involved  is  similar  to  that  used  in  me- 
chanics for  resolving  a  force  into  two  components  and  may  be 
best  explained  by  a  specific  example : 

Example. — Resolve  an  e.m.f.  of  280  volta  into  two  component  e.m.fs. 
which  differ  in  phase  by  60  degrees  so  that  one  of  these  component  e.m.fs. 
will  be  180  volts.  It  is  understood  that  the  component  and  resultant  e.m.f8. 
are  of  the  same  frequency.  Solution. — Draw  to  scale  (Fig.  404)  a  line, 
Oilf ,  180  units  long  at  an  angle  of  00  degrees  from  a  base  line  OP  of  indefinite 
length.    This  line  OM  represents  the 

component  e.m.f.  of  180  volts.     Draw  .         qt 

a  line  MT,  of  indefinite  length,  parallel  /  V 

to  OP,    With  a  compaAS,  with  0  as  a  /  \   v 

center  and  a  radius  280  units  long  strike  ^/ \7- 

a  part  of  a  circle  QR,    Prom  the  point,  '/v*  ^yy^tt 

y,  where  the  circle  cuts  MT,  draw  VN  //  y^"^  / 

parallel  to  A/0.    Then  NO,  which  scales  //  y^     / 

about  150  units — or  150  volts  long — ^is  ^/         y^         '^ 

the  other  component.    Hence,  an  e.m.f .  //\j/^  / 

of  280  volts  may  be  resolved  into  two         /    v<!^*  / 

component  e.m.fs.,  differing  in  phase  by    JA/^     ^'  / 

60  degrees,  of  180  volts  and  150  volts    'S^tZZ^^~~^^  "^ 

respectively.    That    is,    the   resultant      ^      .^,     ,«    *    *•      *v         i 

#.  ..       *..«**       ,.  ^  ^^^       FiQ.  404. — lUustratmg  the  resolu- 

sum  of  two  e.m.fs.  of  180  volts  and  150  tion  of  an  alternating  e.m.f.,  OV,  into 
volts  which  differ  in  phase  by  60  degrees  two  components, 
is  280  volts.     While  the  diagram  of  Fig. 

404  shows  voltage  values,  similar  diagrams  may  be  plotted  to  represent 
current  values. 

724.  An  Alternating  E.mi.  May  Be  Resolved  Into  an  Infinite 
Number  of  Pairs  of  Components  because  it  is  obvious  that  for 
every  diflferent  value  of  lag  angle  between  components,  the  com- 
ponents will  be  of  diflferent  values.  Furthermore,  for  every 
change  in  value  of  one  of  the  components  there  will  be  a  corre- 
sponding change  in  value  of  the  other  component.  This  situa- 
tion is  illustrated  in  the  following  example,  wherein  e.m.f .  values 
are  resolved  into  components;  current  values  may  by  similar 
methods,  be  resolved  into  components. 

Example. — Consider  Fig.  405  wherein  the  e.mi.  OE  of  150  volts,  shown 
at  If  is  resolved  into  component  e.m.fs.  of  different  values  and  differing  in 
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phase  by  different  angles.  In  the  phase  diagram  of  //  the  e.m.f.  of  150 
volts,  OEf  is  resolved  into  two  components,  differing  in  phase  by  90  degrees, 
of  130  volts  and  75  volts  respectively;  at  ///  is  shown  the  corresponding 
vector  diagram.  In  IV  the  e.m.f.  of  150  volts  is  resolved  into  two  component 
e.m.fs.  of  100  volts  and  110  volts  which  also  differ  in  phase  by  90  degrees; 
the  equivalent  vector  diagram  is  plotted  at  7. 


Fig.  405. — Examples  of  the  resolution  of  an  e.m.f.,  OE,  into  components. 

In  VI J  the  150-volt  e.m.f .  has  been  resolved  into  two  components  of  130 
volts  and  33  volts,  which  differ  in  phase  by  00  degrees^  and  in  VII  the  same 
150-volt  pressure  is  again  resolved  into  two  e.m.fs.  differing  in  phase  by 
00  degrees,  but  in  this  example  they  are  100  volts  and  73  volts;  the  equivalent 


Fio.  406. — Illustrating  the  addition  of  sine  graphs. 


vector  diagram  is  shown  in  VIIL  In  IX  an  e.m.f .  of  195  volts  has  been 
resolved  into  two  components  of  132  volts  and  70  volts,  respectively,  which 
differ  in  phase  by  30  degrees. 

726.  Sine  Graphs  Can  Be  Added  and  Subtracted. — See  Fig. 
406.    If  two  sine  graphs  {A  and  -B,  Fig.  406)  each  of  the  same 
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frequency,  but  differing  in  phase  are  added  together,  a  third  sine 
graph  (C)  of  the  same  frequency  can  be  plotted  which  will  repre- 
sent their  sum. 

Example. — To  obtain  graph  C  (Fig.  406)  the  heights  of  corresponding 
points  in  i4  and  B  are  added.  Thus,  DG  '^  DE  +  DF,  HJ  ^  HI  +  HI, 
KN  ^  KL  +  KMtoidPQ  -^  QO  "  RQ. 

Similarly,  sine  graphs  of  the  same  frequency  can  be  subtracted 
from  one  another,  by  subtracting  heights  of  points  in  one  curve 
from  the  corresponding  heights  in  another. 

Example.— Curve  C  =i4+B,  B  =  C-Aandil«C-Ball  from 
Fig.  406. 


SECTION  45 

THE  ADDITION  AND  SUBTRACTION  OF  ALTER- 
NATING-CURRENT  VALUES 

726.  The  Addition  and  Subtraction  of  Alternating  E.mi.  and 
Current  Values  can,  where  the  values  are  represented  by  vectors, 
be  readily  eflFected  by  utilizing  the  principles  of  the  composition 
(Art.  722)  or  resolution  (Art.  723)  which  were  briefly  described 
hereinbefore.  Where  the  e.m.f .  or  current  values  are  represented 
by  sine  ciurves  the  addition  or  subtraction  of  these  values  can  be 
made  by  utilizing  the  principles  suggested  for  the  addition  and 
subtraction  of  sine  curves  previously  outlined  in  Art.  725.  Where 
the  e.m.fs. — or  currents — are  to  be  added  to  or  subtracted  from 
other  e.m.fs. — or  currents — with  which  they  are  in  phase  (Art. 
686)  the  operation  is,  as  will  be  shown,  very  simple  in  that  it 
involves  merely  arithmetical  addition  or  subtraction.  But  if 
the  e.m.fs. — or  currents — ^to  be  added  are  not  in  phase,  then  the 
process  is  somewhat  more  complicated.  Where  the  values  are 
not  in  phase,  the  addition  or  subtraction  can  most  readily  be 
made  graphically  by  plotting  suitable  phase  or  vector  diagrams. 
Also,  it  is  frequently  desirable,  for  the  purposes  of  explanation,  to 
plot  sine  curves  in  conjunction  with  the  vector  or  phase  diagrams, 
which  curves  may  represent  the  same  values  as  those  presented 
by  the  vectors- 

727.  Four  Diifferent  Cases  in  the  Addition  and  Subtraction 
of  E.mi.  Values  Will  Be  Considered  in  some  detail  in  Arts..  728 
to  731.  While  these  cases  which  will  be  recited  refer  specificaUy 
to  e.m.f.  values  precisely  the  same  principles  and  process  would 
be  employed  in  adding  or  subtracting  alternating-current  values. 
The  sources  of  e.m.f.  in  each  of  these  four  examples  will  (Fig. 
407  and  following  illustrations)  be  represented  by  generators 
which  are  supposed  to  be  rotating  uniformly  in  a  counterclock- 
wise direction  and  developing  the  eflFective  e.m.fs.  indicated.  All 
of  the  generators  are  of  the  same  frequency.  While  generators 
are  shown  as  sources  in  these  examples,  any  other  sources  of 
alternating  current  e.m.fs.  could  be  used  instead.    Where  the 
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generators  are  in  phase,  Figs.  407  and  413,  they  are  maintained 
in  phase  by  the  link-belt  connection.  Where  the  generators  are 
not  in  phase,  Figs.  410  and  416,  the  phase  difference  between 
them  is  maintained  by  the  link-belt-drive  connection. 

728.  The  Method  of  Adding  Two  E.mis*  Which  Are  in  Phase 
can  be  best  demonstrated  by  the  consideration  of  a  specific 
example.    In  this  and  in  the  examples  which  follow  it  is  assumed 


DkKfhn  of 
Rotationy 


FiQ.  407. — Two  siiigle-phase,  alternating-current  ^generators  of  the  same  fre- 
quency which  are  in  phase  connected  in  series  so  that  their  e.m.fs.  augment  or 
add  up. 


E. 


•  -->, 


that  the  conditions  outlined  in  the  preceding  paragraph  are 
satisfied: 

Example. — What  (Fig.  407)  is  the  sum  of  an  e.m.f .  of  70.7  volts  and  one 
of  56.6  volts  which  are  in  phase?  In  other  words,  what  e.m.f.  will  the  two 
generators  of  Fig.  407,  which  are  in  phase  and  connected  in  series  so  that 
their  e.m.fs.  augment,  impress  upon  the  line  at  Li  and  La?  Soltjtion. — 
Since  these  two  e.m.fs.  are  in  phase  they  may  be  added  directly  to  obtain 
their  sum,  or  resultant.  That  is:  70.7  volU  +  56.6.  volts  =  127.3  voUa, 
which  is  the  e.m.f.  impressed  across  Li 
and  Li  as  shown  in  Fig.  407.  A  graphic 
statement  of  this  addition,  wherein 
vectors  are  used  to  represent  the  e.m.f. 
values  is  shown  in  Fig.  408.  From  this 
it  is  evident  that  the  length  of  the  vector 
£i,  which  is  equivalent  to  70.7  volts  +    '" 

the  length  of  the  vector  E2,  which  is      Fio.  408.-Diagram  showing  the 
•     1     X  ^     ro  o       ix  A     1     — lu  vector  addition  of  two  alternating 

equivalent  to  66.6  volts  -  the  length  ^^^fg^^fSO  and  100  volts  of  the 
of  the  vector  Ea  or  127.3  volts.     Hence,  g^me  frequency  and  in  phase. 
Ea  is  the  vector  representing  the  magni- 
tude, 127.3  volts,  of  the  e.m.f.  impressed  across  Li  and  Lj  in  Fig.  407. 

Now  refer  to  Fig.  409.  At  I  the  vector  diagrams  are  repeated  but  in 
this  illustration  the  lengths  of  the  vectors  are,  as  always  must  be  the  case 
with  rotating  vectors,  proportional  to  the  maximum  values  of  the  e.m.fs. 
(Maximum  values  may.  Art.  697,  be  obtained  by  multiplying  the  corre- 
sponding e£fective  values  by  1.41.)  Since  all  three  of  these  e.m.fs.,  Eim, 
Elm  and  Etm  are  in  phase  they  lie  directly  over  one  another  in  the  vector 
33 
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diagram.    The  graphs  of  //  were  plotted  following  the  method  hereinbefore 
described  in  Art.  720.    It  is  evident  that  the  sine  curve  ^.m  is  equal  to  the 
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t-Rotatma  vectors  1- Graph* 

Fio.  409. — Rotating  vectors  and  graphs  showing  addition  of  e.m.fs.  of  80  and  100 
volts  of  the  same  frequency  and  in  phase. 


6,-  707  yoffs'-Arnmturt  Wihe/aiff'' 
/mfucfors 

Fio.  410. — Two  single-phase,  alternating-current  generators  which  are  not  "in 
phase"  connected  in  series  so  that  their  e.m.fs.  augment  or  "add  up." 


s&ewfs ->] 

I-Pho«e  Dlogroim 


.^4- ^Wrf' 

5e.6v. ^r^ 

I- Vector  Diagram 

FiQ.  411. — Diagramal  showing  the  vector  addition  of  two  alternating  e.m.fs.  of 
80  and  100  volts  o^the  same  frequency  but  differing  in  phase  by  60  degrees. 


sum  (Art.  725)  of  the  sine  curves  ^i*  and  Etm-    For  example  the  distances 
AD  ^  DB  +  CD  and  FL  '^  JL  +  KL. 
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729.  The  Method  of  Adding  Two  E.mis.  Which  Are  Not  in 
Phase  will  be  explained  by  considering  Figs.  410,  411  and  412 
and  by  means  of  a  specific  example. 

Example. — What  is  the  sum  of  an  e.m.f.  of  70.7  volts  and  one  of  56.6 
volts  which  dififer  in  phase  by  60  degrees?    In  other  words,  what  e.m.f .  will 
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Fio.  412. — Rotating  vectors  and  graphs  showing  addition  of  e.m.fs.  of  80  and 
100  volts  of  the  same  frequency  but  differing  in  phase  by  60  degrees. 

the  generators  G%  and  G4  of  Fig.  410,  which  are  connected  in  series  so  that 
their  e.m.fs.  augment,  impress  across  the  line  Lt  and  I/4?  Solution. — 
The  phase  diagram  of  Fig.  411,1  shows  a  graphic  solution  of  this  problem, 
the  vector  sum  of  Ei  and  E^  being  Eh  which  is  equivalent  to  scale  to  111  volts 


fiji-TCTrtW!": 


L, 


Fio.  413. — Two  single-phase,  alternating-current  generators  of  the  same  fre- 
quency, which  are  in  phase,  connected  in  series  so  that  their  e.m.fs.  oppose  or 
buck. 

(effective).  At  //  in  Fig.  411  is  shown  the  equivalent  vector  diagram  which, 
of  course,  gives  the  same  results  as  does  the  phase  diagram.  In  Fig.  412, 
at  III  is  shown  the  rotating  phase  diagram,  the  vectors  being  proportional 
in  length  to  the  maximum  values  and  the  corresponding  quantities  indicated 
on  the  phase  diagram  of  Fig.  411,/.  By  using  the  method  hereinbefore 
described  (Art.  722)  the  graph  or  sine-curve  representation  of  IV  (Fig.  412), 
corresponding  to  the  vector  representation  of  III  (Fig.  412),  can  be  plotted. 
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By  inspection  it  will  be  evident  that  the  sine  curve  Ebm*  is  equal  to  the 
sum   (Art.  725)  of  the  sine  curves  Etm-  and  Eam-    For  example,  MP  — 
NP  +  OP  and  QR  -^  QS  -  QT. 

730.  The  Method  of  Subtracting  an  E.mi.  from  Another 
E.m.f.  With  Which  It  Is  in  Phase  is  iUustrated  in  Figs.  413,  414 

and  415  and  is  demonstrated  in 
the  following  example: 

Example. — The   two    generators  of 
Fig.  413,  which  are  developing,  respec- 
tively, pressures  of  70.7  and  56.6  volts, 
are  connected  in  series,  but,  as  shown, 
Fig.  414.-Diagram  shomng  the  the  connections  are  such  that  the  e.m.fs. 
vector  subtraction  of  two  alternating  ,,,      ,  „  .  _„    , 

e.m.f8.  of  66.6  and  70.7  volts  of  the  oppose  or  "buck"  one  another.     What 
same  frequency  and  in  phase.  is  the  resultant  e.m.f .?     That  is,  what 

pressure  is  impressed  across  Ls  and  L% 
on  the  line?  Solution. — The  vector  solution  of  the  problem  is  shown  in 
Fig.  414,  from  which  it  is  obvious  that  if  the  vector  E^  which  is  pro- 
portional in  length  to  56.6  volts,  is  subtracted  from  the  vector  ^t,  which 
is  proportional  to  70.7  volts,  the  difference  is  represented  by  the  vector 
Eej  proportional  in  length  to  14.1.  (These  vectors  may  thus  be  sub- 
tracted from  one  another  because  the  e.m.fs.  which  they  represent  are 
all  in  phase.)     Therefore,  the  e.m.f.  across  Li  and  La  is,  as  suggested  in 
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Fio.  415. — Rotating  vectors  and  graphs  showing  subtraction  of  e.m.f.  of  80 
from  100  volts,  both  e.m.fs.  are  of  the  same  frequency  and  are  in  phase. 

Fig.  413,  14.1  volts.  In  Fig.  415,  V  the  rotating  vectors  (which  are,  of 
course,  proportional  in  length  to  the  maximum  value  of  the  e.m.fs.  involved) 
are  shown.  From  this  rotating  vector  diagram  the  sine  curves  shown  in 
Fig.  415,  VJ  were  plotted.  A  consideration  of  these  curves  will  indicate 
that  the  curve  Ee,  which  has  a  maximum  value  of  20  volts,  is  equal  to  the 
difference  between  the  curves,  Et,  maximum  value  100  volts  and  E^ 
maximum  value  80  volts. 
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731.  The  Method  of  Obtaining  the  Difference  of  Two  E.m.fs. 
Which  Are  Not  in  Phase  is  outlined  in  Figs.  416,  417  and  418. 
The  conditions  specified  in  Art.  727  also  applies  for  this  problem 
which  is  solved  below. 


Fig.  416. — Two  single-phase,  alternating- current  generators  of  the  same  fre- 
quency, which  are  not  in  phase  connected  in  series  so  that  their  e.m.fs.  oppose 
each  other. 

Example. — What  will  be  the  e.m.f.  impressed  across  the  line  Ly  and  Li 
by  the  two  generators  of  Fig.  416.  The  generators  are  in  series  but  they  are 
so  connected,  as  shown,  that  the  e.m.fs.  which  they  are  developing  oppose 
one  another  and  furthermore,  dififer  in  phase  by  60  degrees.  In  other 
words,  what  is  the  resultant  e.m.f.  produced  by  generators  Gi  and  Gs  com- 
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Fio.  417. — Illustrating  vector  addition  and  subtraction. 


bined,  under  the  conditions  outlined  ?  Solution. — First  consider  the  vector 
solution  of  the  problem.  When  two  e.m.fs.  are  in  series  so  that  they  ** boost' ' 
one  another  (Fig.  410  and  417,7),  they  can  be  added  vectorially  as  shown 
in  the  diagram  at  Fig.  417,///.  But  if  one  of  the  e.m.fs.  is  reversed,  for 
example  Ei  in  /)",  then  the  e.m.f.  values  must  be  subtracted  from  one  another, 
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instead  of  added,  to  obtain  their  resultant.  How  this  subtraction  is  effected 
vectorially  is  diagrammed  in  IV,  Since  the  e.mi.  Ei  is  reversed  in  direc- 
tion in  //  (Fig.  417)  the  vector  respresenting  it  in  the  phase  diagram  must 
also  be  reversed  in  direction,  as  shown  at  OX.  In  other  words,  to  perform 
the  vector  subtraction  it  must  be  plotted  in  the  position  OY.  Then  the 
vector  OW  is  proportional  in  length  to  the  difference  between  the  e.m.fs. 
El  and  ^p,  reversed  which  differ  in  phase  by  60  degrees.  That  is,  the 
actual  difference  in  phase  between  Ei  and  Ez  is  120  degrees,  as  shown  in 
IV*.  V  (Fig.  417)  is  merely  an  enlarged  phase  diagram  of  IV  and  VI 
shows  the  corresponding  vector  diagram.  Hence,  it  is  apparent  from  these 
diagrams,  if  the  length  of  Ed  is  measured,  that  the  effective  e.m.f.,  Ed 
across  L7  and  Lg,  is  68.2  volts. 
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Fio.  418. — Rotating  vectors  and  graphs  showing  subtraction  of  e.m.fs.  of'i80 
from  100  volts  which  differ  in  phase  by  60  deg.  Both  e.m.fs.  are  of  the  same 
frequency. 


Id  Fig.  418  are  shown  the  rotating  vectors — ^maximum  values — 
corresponding  to  the  eflFective-value  vectors  of  Fig.  417,  K  In 
the  graph  of  VIII  is  shown  the  sine  curves  which  may  be  plotted 
from  these  rotating  vectors.  Curve  R^  represents  the  variation 
of  the  e.m.f.  OX  (Fig.  417,/TO.  It  will  be  noted  that  curve 
Ed  =  curve  E>  +  curve  Es  and  it  is  also  evident  that  curve  Ed  = 
curve  Es  —  curve  R,.  This  demonstrates  the  truth  of  the  fact 
that  the  vector  R„  leading  Es  by  60  degrees,  is  equivalent  to  the 
vector  El  which  lags  behind  Es  by  120  degrees,  as  diagrammed 
in  Fig.  417,/F  and  in  Fig.  418, F//. 

*If  the  e.m.fs.  in  the  two  eoib  differ  in  phase  by  »  certain  number  of  degrees  and  one  of 
these  coils  it  reversed,  then,  after  the  reversal  the  difference  in  phase  between^the  two 


That  U,  in  Fig.  417./ 
use  of  the  conditions  of 
Then,  if  one  of  the  coils  is  reversed,  as  shown  at  II,  the  difference 
180  degrees —60  degrees  «  120  degrees. 


e.m.fs.  will  be  180  degrees  minus  the  former  phase  difference  in  degrees. 
■^      *'"  '       "        *  •■  .       -  ..     .  "lia,  becai 

)  problem,  dO  degrees.    Then,  if  one  of  the 
in  phase  between  the  e.m.fs.  of  the  two  coils 


the  difference  in  phase  between  the  e.m.fs.  of  the  two  coils  ii 
the  problem,  dO  dej 


SECTION  46 

EFFECTS  OF  RESISTANCE  AND  INDUCTANCE  IN  ALTER- 
NATING-CDRRENT  CIRCmTS 

732.  The  Effect  of  Resistance  in  Alternating-current  Circuits 
which  contain  resistance  only,  that  is,  which  contain  no  induc- 
tance (Art.  471)  or  permittance  (capacitance,  Art.  753),  is  the 
same  as  its  effect  in  direct-current  circuits.  Resistance  in  alter- 
nating-current circuits  limits  the  current  therein  and  causes  a 
loss  or  drop  in  voltage  just  as  it  does  in  direct-current  circuits 
(Art.  124).  With  a  given  alternating  e.m.f.  impressed  on  a  cir- 
cuit, the  current  in  it  will  vary  inversely  as  its  resistance.  In 
an  alternating-current  circuit  containing  resistance  only,  the  cur- 
rent is  in  phase  with  the  impressed  e.m.f.  It  follows  that  Ohm's 
law  (Art.  134)  is,  without  quaUfication,  true  for  alternating-cur- 
rent circuits  containing  resistance  only.    Thus: 

(176)  7,  =  ^  (amp.) 

and 

(176)  Ee  =  ImXR  (volts) 
or 

(177)  R  =  fy  (ohms) 

Wherein  Is  =  eflFective  current  in  the  circuit,  in  amperes.  Eb  = 
the  effective  e.m.f.  or  voltage  impressed  across  the  circuit,  in 
volts.    R  =  the  resistance  of  the  circuit,  in  ohms. 

ExAMPLB. — ^What  current  will  flow  in  the  alternating-current  circuit 
of  Fig.  410  which  contains  resistance  only.  The  impressed  pressure  (effect- 
ive voltage)  as  indicated  by  the  voltmeter  is  110  volts,  the  resistance  of 
each  lead  is  0.70  ohm  and  the  resistance  of  the  incandescent  lamp  is  200  ohms. 
The  frequency  of  the  current  may  be  anything.  Solution. — Substitute 
in  the  Ohm's  law  formula  (175):  Ib  =  Eb  -^  R  =  llO  -i-  (0.7  +  0.7  + 
200)  =  110  ■^  201.4  -  0.55  amp. 

Example. — What  voltage  must  the  alternating-current  generator  (it 
may  develop  any  frequency)  of  Fig.  420,/  develop  to  impel  a  current  of 
2  amp.  (efifective)  in  the  circuit  shown  which,  it  is  assumed,  has  a  total  re- 
sistance of  60  ohms.?    Solution. — Substitute  in  Equation  (176)  above. 
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Thus:  ^«  »  /«  X  12  "  2  X  50  »  100  voUa.  Hence  to  circulate  the  current 
of  2  amp.  (effective)  the  generator  should  produce  100  volts  (effective) 
across  its  terminals  A  and  B, 

733.  There  Is  a  Loss  of  Power  When  an  Alternating  Current 
Flows  Through  Resistance  just  as  there  is  when  a  direct  current 
flows  through  resistance.  The  power  loss,  in  watts,  in  any  con- 
ductor, conveying  either  an  alternating  or  a  direct  current,  al- 
ways equals  the  square  of  the  current  in  amperes  {effective  current 


^ aiOhm- 


Fig.  419. — Illustrating  the  effect  of  resistance  in  an  alternating-current  circuit. 

in  alternating-current  circuits)  multiplied  by  the  resistance  of  the 
conductor  in  ohms.  This  rule  is  perfectly  general  and  applies  to 
alternating  currents  of  all  ordinary  voltages  and  frequencies  even 
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Fio.  420. — Examples  of  resistance  and  inductive  reactance  in  alternating-current 

circuits. 

if  they  contain  inductance  (Art.  471)  or  permittance  (capacitance. 
Art.  753).  There  is  no  power  loss  in  inductance  or  permittance. 
The  electrical  power  thus  lost  reappears  as  heat  and  raises  the 
temperature  of  the  conductor.     Expressed  as  a  formula: 

(178)  P  ==  PeXR  (watts) 


or 

(179) 
or 
(180) 


^^  =  \S 


R  = 


Pm 


(amp.) 
(ohms) 


.,.^- Inductive  Winding 
ResistemcM  is 


Sec.  46]  ALTBRNATING-CURRBNT  CIRCUITS  521 

Wherein  P  =  power  lost  in  the  conductor,  in  watts.  Is  =  eflFect- 
ive  current,  in  amperes,  in  the  conductor.  R  =  resistance  of 
the  conductor,  in  ohms.  Note  that  the  above  formulas  are 
identical  with  those  of  Art.  167  for  direct  current,  except  that 
in  this  alternating-current  formula,  the  current,  Is,  is  the  eflFect- 
ive  current. 

Example. — What  is  the  power  loss  in  the  incandescent  lamp  in  Fig. 
419?  Solution. — The  lamp,  as  shown  in  the  picture,  has  a  resistance  of 
200  ohms  and  the  current  fhrough  it  is  0.55  amp.  Then,  substituting 
inequation  (178):  P  -  /»«  X  iJ  «  (0.55  X  0.65)  X  200  =  60.5  watts.  In 
other  words,  the  lamp  is  a  603^-watt  lamp. 

Example. — What  is  the  power  loss  in  the  inductive  winding  of  Fig.  421 
when  an  alternating  current  of  5  amp.  flows  in  it?  The  winding  has  a 
resistance  of  10  ohms.  Solution. — Substitute  in  equation  (179):  P  - 
I^eR  =  (5  X  5)  X  10  =  250  watts.  With  a  current  of  5  amp.,  the  power 
loss  in  the  winding  would  be  250  watts  regardless  of  the  frequency  and 
regardless  of  the  fact  that  it  is  an  "inductive"  winding. 

734.  In  Alternating-current  Cir- 
cuits, Containing  Resistance  Only, 
the  Current  Is  in  Phase  with  the 
Impressed  Voltage  as  shown  in 
Fig.  422,777.  That  is,  in  such 
circuits,  the  current  attains  its 
crest  or  maximum  values  at  the 
same  instants  as  those  at  which 
the  impressed  e.m.f .  (which  circu- 
lates  the  current  in  the  circuit)  F--  *^lr^S:i:ti:f4Sr "" " 
reaches  its  crest  or  maximum 
values;  see  definition  of  "In  Phase"  in  Art.  685. 

Example.— Fig.  422,7  shows  the  diagram  of  an  alternating-current  cir- 
cuit containing  resistance  only.  The  alternating  e.m.f.  (effective)  impressed 
on  the  circuit,  is  as  indicated  by  the  voltmeter,  100  volts.  The  resistance  of 
the  circuit  is  2  ohms.  Then,  since  the  circuit  contains  resistance  only,  by 
Ohm's  law  the  effective  alternating  current  in  the  circuit  is:  Ib  —  Es  -^ 
iJ  =  100  -f-  2  =  50  amp.  The  phase  diagram  given  at  //  shows  the  phase 
relation  of  this  e.m.f.  and  the  current  which  it  propagates.  They  are  in 
phase  with  each  other. 

The  light  line  CB^  the  impressed  -  e.m.f.  vector,  is  made  141  units  long 
to  represent  a  maximum  of  141  volts,  which  is  the  maximum  corresponding 
to  an  effective  e.m.f.  of  100  volts  (Art.  697).  The  heavy  black  line  CA  is 
made  70.5  units  long  to  represent  70.5  amp.  which  is  the  maximum  current 
corresponding  to  an  effective  current  of  50  amp.  (Art.  697).  At  ///  the 
graphs  of  the  e.mi.  and  current  are  plotted  and  they  indicate  that  the 
e.m.f.  and  current  are  in  phase  as  defined  in  Art.  685. 
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736.  The  Effects  of  Inductance  in  Alternating-current  Cir- 
cuits are,  in  general,  much  more  noticeable  than  those  which 
it  produces  in  direct-current  circuits.  Why  this  is  the  case  will 
be  explained.  In  471  and  following  articles  (which  should  be 
carefully  reviewed)  the  phenomenon  of  inductance  was  dis- 
cussed. It  was  there  shown  that  whenever  the  current,  in  a 
circuit  having  inductance,  changes  in  intensity,  a  counter  e.m.f. 
of  self-induction  (Art.  479)  is  induced  in  the  circuit.  With  direct 
currents,  the  eflFects  of  inductance  are  most  noticeable:  (a)  just 
after  a  circuit  is  closed  and  a  current  is  forced  to  circulate  in  it; 
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Fig.  422. — Example  of  an  alternating-current  circuit  containing  resistance  (2 

ohms)  only. 
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(6)  when  a  circuit  having  a  current  flowing  in  it  is  opened;  or 
(c)  when,  for  any  other  reason,  there  is  a  change  in  the  intensity 
of  the  current  in  the  circuit.  Inductive  eflFects  are,  then,  due  to 
changes  in  current  intensity. 

Note. — Now  alternating  currents  reverse  in  direction  at  regular  intervals 
(Art.  113)  and  are  constantly  changing  in  intensity,  see  Fig.  422.  There- 
fore, since  in  these  circuits  the  current  is  constantly  changing  in  intensity, 
the  result  is  that  a  counter  e.mi.  of  self-induction  is,  if  they  contain  induc- 
tance, being  generated  constanUy — ^all  the  time — ^in  them  when  current  is 
flowing.  The  counter  e.m.f.  of  self-induction  is  always  in  such  a  direction 
as  to  oppose  any  change  in  the  intensity  of  the  then  existing  current 
(Art.  435).  This  counter  e.m.f.  of  self-induction  varies  in  intensity  just 
as  does  any  alternating  e.m.f .  but  it  is  not  in  phase  with  the  e.m.f.  or  current 
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which  produces  it,  as  will  be  shown.    Its  Tariation  with  the  time  follows  a 
sine-wave  form — ^if  the  current  which  induces  it  has  a  sine-wave  form. 

In  order  to  predetermine  the  intensity  of  the  current — ^the  number  of 
amperes — ^which  will  flow  in  an  actual  alternating-current  circuit  contain- 
ing inductance,  it  is  first  necessary  to — either  directly  or  indirectly — com- 
pute the  value  of  the  counter  e.m.f .  of  self-induction  of  the  circuit  and  then 
subtract  it  (as  will  be  outlined  in  Art.  746)  from  the  impressed  e.m.f .  which 
it  opposes.  The  differencCi  the  e.mi.  which  really  circulates  the  current  in 
the  circuit,  may  be  called  the  availahle  or  energy  e.m.f.  (The  terms  "net," 
"active,"  "impelling"  or  "actuating"  e.m.f.  are  all  used  synonymously 
with  available  or  energy  e.m.f.  However,  in  the  text  which  follows, 
available  or  energy  e.m.f,  wiU  be  used  to  designate  the  difference  between  the 
impressed  e.m.f.  and  the  counter  e.m.f.  of  self-induction.)  In  practice 
this  subtraction  is  most  readily  effected  by  introducing  a  new  quantity 
which  is  called  reactance  which  will  be  treated  in  following  Art.  747.  Note 
that  in  ideal  circuits  which  contain  only  inductance  or  permittance  or  both 
but  which  contain  no  resistance,  there  is  no  available  or  energy  e.m.f. 
But,  for  reasons  which  will  be  discussed  elsewhere,  an  applied  alternating 
e.m.f.  would,  nevertheless,  propagate  an  alternating  current  in  such  a  cir- 
cuit— ^if  such  a  circuit  could  exist.  However,  it  is  obvious  that  there  can 
to  be  an  electric  circuit  which  does  not  have  some  resistance. 

736.  The  Counter  E.mi.  of  Self-induction  Always  Lags 
90  Degrees  Behind  the  Current,  that  is,  the  effect  of  inductance 
is  90  degrees  behind,  or  at  right  angles  to,  the  current.  This 
is  stated  here  merely  as  a  fact;  why  it  is  true  will  (Art.  740) 
be  shown  later. 

737.  To  Compute  the  Counter  E.m.f.  of  Self-induction  in  an 
Alternating-current  Circuit — or  in  any  circuit  for  that  matter — 
the  inductance  of  the  circuit,  L,  is  multiplied  by  the  rate  of  change 
of  current  in  the  circuit,  Art.  490.  If  the  inductance,  L,  is  ex- 
pressed in  henrys  and  multiplied  by  the  average  rate  of  change 
in  current,  the  change  of  current  per  second  in  the  circuit,  the 
result  will  be  the  average  counter  e.m.f.,  in  volts,  induced  in  the 
circuit  during  that  second;  this  follows  from  the  definition  of 
the  henry.  Art.  472.  Now  an  alternating  current  is  continually 
changing  in  intensity;  hence  it  is  continually — ^if  there  be  in- 
ductance in  the  circuit — ^inducing  a  counter  e.m.f.  However, 
in  dealing  with  alternating-current  circuits,  it  is  not  the  average 
counter  e.m.f.  which  is  of  interest  but  it  is  the  effective  (Art. 
691)  counter  e.m.f.  It  can  be  shown  (see  proof  in  the  following 
note)  that  the  effective  rate  of  change  of  a  sine-wave-form  alternat- 
ing current — ^that  is  the  rate  of  change  in  the  effective  current 
per  second  equals:    6.28  Xf  X  L    Hence: 

(181)  Ec  =  6.28  XfXLXl  (volts) 
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and 

(182) 

and 

(183) 

and 

(184) 


/  = 

Be 

6.28XLX/ 

L  = 

Ec 

6.28  X/X/ 

r  _ 

Ec 

(cycles  per  sec.) 


(henry) 


(amp.) 


6.28  X/X  L 

Wherein  Ec  =  the  counter  e.m.f.  (effective)  of  self-induction, 
in  volts.  /  =  frequency  of  the  current,  in  cycles  per  second. 
L  =  inductance  of  the  circuit  or  conductor,  in  henrys.  I  = 
current  (effective)  in  the  circuit  or  conductor,  in  amperes. 

Note. — The  symbol  x  (a  Greek  letter  pronounced  "pie")  has  been  uni- 
versally adopted  to  stand  for  the  number  "3.1416."     Now,  2  X  3.1416  = 


'A.C,  Otntmtor 
'60  Cycles 


tntkKtance* 
(X2Henry'—x 


,'lUAmp. 


T(me 


itf     m 


^1B^ 


Fio.   423. — Inductive   winding   in  an 
alternating-current  circuit. 


Fig.      424. — Illustrating     "rate     of 
change"  of  an  alternating  current. 


6.28.  Hence  the  above  formula  may  also  be  written:  Ee  =  2  Xt  Xf  X 
L  X  I,  which  is  the  form  very  frequently  adopted  in  text  books. 

Example. — What  counter  e.m.f.  is  generated  in  the  coil  of  Fig.  423, 
which  has  an  inductance  of  0.2  henry,  when  an  effective  alternating  current 
of  1.33  amp.  flows  in  it,  at  a  frequency  of  60  cycles  per  sec?  Solution. — 
Substitute  in  the  above  formula  (181):  Ec  =  6.28  Xj  XLXl  ^  6.28  X 
60  X  0.2  X  1.33  =  100  voUs  (almost).  This  means  that  the  generator 
must  impress  100  volts  (effective)  across  the  terminals  of  the  coil  to  circulate 
a  current  of  1.33  amp.  through  the  coil.  It  also  means  that  when  a  current 
of  1.33  amp.  at  60  cycles  flows  in  the  coil  the  counter  e.m.f.  of  self-induction 
developed  in  the  coil  is  100  volts. 

Note. — Proop  That  6.28  X  /  X  /  =  Efpective  Rate  op  Change  op 
A  SiNE-WAVE-PORM  ALTERNATING  CuRRENT. — Consider  the  rate  of  change 
of  current  in  an  alternating-current  circuit.  Refer,  for  example,  to  Fig. 
424  which  shows  the  graph  of  a  sine-wave-form  alternating  current  having  a 
crest  or  maximum  value  of  1  amp.  Note  that  during  1  cycle  {OABCD) 
the  current:  (1)  increases^  OA^  from  0  amp,  to  1  amp.^  in  the  positive  direc- 
tion; (2)  decreases,  AB,  from  1  amp.  to  0  amp.,  in  the  positive  direction; 
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(3)  increases  J  BC,  from  0  amp.  to  1  atnp.f  in  the  negative  direction;  and  (4) 
decreases,  CD,  from  1  amp.  to  0  amp.,  in  the  negative  direction.  Note  then 
that  the  alternating  current  graphed  in  Fig.  424  changes  1  amp.  four  times 
per  cycle  twice  from  0  amp.  to  1  amp.  and  twice  from  1  amp.  to  0  amp. 

It  follows  that  any  alternating  current  changes  four  times  per  cycle  be- 
tween zero  intensity  and  maximum  intensity;  twice  from  maximum  to  zero 
and  twice  from  zero  to  maximum.  Let  the  symbol  Im  stand  for  maximum 
current.    Then  the  change  of  current  per  cycle  =  4  X  Im- 

Now,  average  rate  of  change  of  current  »  change  in  amperes  -^  seconds. 
With  an  alternating  current:  frequency  or/  =  cycles  per  second.     Hence 

the  time  in  seconds,  required  for  the  completion  of  1  cycle  =  1  -^  /  =  --. 

(For  example,  with  a  60-cycle  current  Ho  sec.  is  required  for  the  completion 
of  1  cycle,  Fig.  70.)  The  time,  in  seconds,  required  for  each  of  the  form 
changes  from  zero  intensity  to  maximum  intensity  in  a  cycle  is,  obviously, 
one-fourth  the  time  required  for  the  completion  of  an  entire  cycle.  There- 
fore, the   time   required  for  one  of  the  changes  is:  Ji  X  ^  °  4  y  f  ^^' 

That  IB,  the  current  changes  from  0  amp.  to  Im  amp.  in  4  X  /  sec. 

The  average  rate  of  change  of  current  as  defined  in  the  preceding  para^ 
graph — the  change  of  current  per  second — ^must  be:  the  change  in  current 
in  amperes  divided  by  the  time  in  seconds  elapsing  whUe  the  change  transpires; 

that  is:  (184C)  average  rate  of  change  of  current  ^  Im  -^  (4~v~?)   ^  ^  X 

/X/if. 

Now  in  practical  work  we  deal  with  effective  currents  (Art.  691)  rather 
than  with  maximum  currents  and  hence  Im  should  be  converted  into  its 
equivalent  effective  value.  From  equation  (162):  Im  =  1.41  X  Ib,  or  to 
be  more  exact: 

(185)  Im  -  1.4142  X  la 
Then  substituting  (2)  in  (1): 

(186)  Average  raU  of  change  of  current  «  4  X  /  X  (1.4142  X  Ie)  (187) 
Or  average  rate  of  change  of  current   =  5.6568   X  /  X  /^. 

If  then  this  expression:  5.6568  X  /  X  /*,  which  represents  the  average 
rate  of  change  of  current  per  second,  were  multiplied  by  the  inductance, 
L,  in  henrys,  of  an  alternating-current  circuit,  the  product  (Art.  490)  would 
be  the  average  (Art.  690)  counter  e.m.f.  in  volts,  induced  in  the  circuit.  But 
we  are  usually  interested  in  and  deal  with  effective  (Art.  691)  counter  e.m.fs. 
not  average  e.m.fs.  Hence,  the  formula  (187)  will  now  be  so  modified  that 
it  will  give  the  effective  rate  of  change  of  current.  In  equation  (171)  it 
was  shown  that:  Average  values  »  0.90  X  effective  vaiues.    Hence: 

(188)  Average  rale  of  change  of  current  =  0.90  X  effective  rate  of  change  of 

current. 

Now  substituting  the  expression  of  (188)  in  (187) : 

(189)  0.90  X  effective  raU  of  change  of  current  =  5.6568  Xf  X  Ib 
Then  simplifying: 

(190)  Effective  rate  of  change  of  current  «  — g- qq 
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(191)  or        Effeclwe  raU  of  change  of  current  «  6.28  X  f  X  h 

Note. — ^Power  is  not,  as  will  be  shown  (Art.  784),  expended  in  over- 
coming a  counter  e.m.f.  of  self  induction.  If  there  is  resistance  in  the  cir- 
cuit— and  there  always  is  some,  though  in  many  cases  very  little — ^power 
is  expended  in  forcing  the  current  to  circulate  through  the  resistance. 

738.  The  Method  of  Computmg  the  Counter  E.mi.  of  Self- 
inductioii  of  Any  Coil  in  an  Alternating-current  Circuit  follows 
from  the  principles  just  outlined.  From  Art.  492,  formula  (111), 
the  inductance  of  any  coil,  Li  =  0a  X  JV  -r-  10^  wherein  0a  = 
the  flux  produced  by  the  coil  per  ampere  of  current  flowing  in  it 
and  N  =  number  of  turns  in  the  coil.  Then  if  this  quantity, 
which  represents  the  inductance  of  the  coil,  be  multiplied  by  the 
average  rate  of  change  of  current — ^the  change  in  current  per 
second — ^the  product  will  be  the  average  counter  e.m.f.  of  self- 
induction  induced  (Art.  737).  It  has  been  shown  (equation 
184i4)  that  the  average  rate  of  change  of  a  sine-wave-form  alternat- 
ing current  =  4  X  /  X  /j#.  Hence  if  Eca  be  taken  to  represent 
the  average  counter  e.m.f.  induced  by  the  coil  and  performing 
the  multipUcation  just  suggested: 

riq2^     F      ^A^f^T     v/*«XiV\       4X/X/^X0aXAr 

(192;    /icA  -  4  X  /  X  iir  X  \-~iQ^-) To6;ooo,ooo 

But,  obviously,  maximum  amp.  X  jlux  per  amp,  =  maximum 
Jbix,  that  is: 

(193)  /if  X  0«  =  <I>M 

Then  substituting  <I>m  for  *'Im  X  <l>a'  in  equation  (192): 

^^^^  ^^^  "       100,000,000 

But    equation   (171)   Average   Value  =  0.90  X  Effective   Valuer 
hence: 

(195)  Eca  =  0.90  X  EcE 

Then  substituting  (195)  in  (194) : 

4X/X«j/XiV 


(196)  0.90  X  EcE  = 

(197)  EcE  = 

(198)  EcE  = 


100,000,000 

4X/X<^jf  XJV 
0.90  X  100,000,000 

4.44  X/  X4>M  XN 


100,000,000 
Wherein  Ece  =  volts,  effective,  counter  e.m.f.  induced  in  any 
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coil  by  a  sine-wave-form  alternating  current.  /  =  frequency  of 
the  circuit  in  cycles  per  second.  <I>m  =  maxiTnum  total  flux  or 
lines  of  force  produced  by  the  coil.  N  =  number  of  turns  in 
the  coil. 

Example. — A  certain  coil  has  50  turns.  With  a  60-cycle  alternating 
current  of  such  value  flowing  through  it  that  a  flux  of  300,000  lines  maximum 
is  developed,  what  is  the  counter  e.m.f.  then  induced  in  the  coil?  SoLtrrioN. 
— Substitute  the  above  formula  (198): 

w  4.44  XfX4>MXN       4.44X60X300,000X50      ^^  ^     ,. 

^^'  "         100,000,000"        "  100,000,000  *"  "*"•"  *'^"*' 

Hence  the  induced  counter  e.m.f.  is  39.9  volts  (effective). 

The  Above  Equation  is  Very  Important,  that  is  equation  (198), 
inasmuch  as  it  is  utilized  repeatedly  in  the  design  of  alternating- 
current  generators,  transformers  and  motors. 

739.  To  Compute  the  Counter  E.m.f .  of  a  Coil  in  an  Alternating- 
current  Circuit  on  the  Basis  of  the  Area  of  the  Core  of  the  Coil 
and  the  Flux  Density,  it  is  merely  necessary  to  modify  equation 

(198)  accordingly,  as  will  be  shown.  In  an  alternating-current 
magnetic  circuit  it  is,  obviously,  the  flux  density  at  the  instants 
when  the  current  is  a  maximum,  that  is  Bm,  which  should  deter- 
mine the  area  of  the  magnetic  circuit.  If  the  magnetic  circuit 
has  suflicient  area  to  effectively  carry  the  flux  due  to  the  maxi- 
mum instantaneous  current  it  will,  plainly,  carry  the  flux  due  to 
currents  less  than  the  maximum.  Now  (Art.  246) :  0  =  A  X 
B,  hence  it  is  obvious  that  0jr  =  A  X  Bm-  Then  substituting 
this  value  for  <I>m  in  equation  (198),  the  following  working  for- 
mula is  obtained: 

noQ^  w         4.44  X/  XAxB^XiV  ,    ,,  . 

(199)  EcE  =  100,000,000 ^^""^^"^ 

Wherein  all  symbols  have  the  same  meanings  as  under  equation 
(198)  except  that  (Art.  246):  A  =  cross-sectional  area  of  core, 
in  square  inches  =  area — where  an  iron  core  is  used — of  cross- 
section  of  iron  in  the  core  on  which  the  coil  is  wound.  Bjf  = 
maximum  flux  density,  in  lines  per  square  inch,  that  is,  the  flux 
density  at  the  instants  when  the  current  in  the  coil  is  at  its  maxi- 
mum instantaneous  values.  In  design,  Bm  is  usually  taken  at 
some  value  below  the  saturation  point.  Art.  259. 

Example. — If  an  iron  core  similar  to  that  of  Fig.  425,  except  having  an 
area  of  1^  sq.  in.,  is  wound  with  700  turns  of  wire,  what  will  be  the  effect- 
ive counter  e.m.f.  which  it  develops  in  a  40-cycle  circuit,  assuming  that  the 
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llf^iiafton  ^^ 


current  through  it  is  such  that  Bj/  =  70,000  lines  per  sq.  in.  ?     Solution. — 
From  formula  (199) : 

Er    =  ^'^^  X/XAXBmXN      4.44  X  40  X  1.625  X  70,000  X  700 
'  ^  100,000,000  "   "  100,000,000 

=  141  volts. 
Therefore,  the  counter  e.m.f.  developed  under  the  above  conditions  (and 

assuming   that  there  is  no  magnetic 
leakage)  is  141  volts. 

Example. — It  is  desired  to  wind  a 
coil  on  the  laminated  iron  core  of  Fig. 
426  which  will  develop  a  counter 
e.m.f.  of  100  volts  when  connected 
in  multiple  on  a  60-cycle  circuit.  Per- 
missible maximum  flux  density  is 
taken  as  30,000  lines  per  sq.  in. 
How  many  turns  (assuming  no  mag- 
netic leakage)  will  be  required  on  the 
coil  to  produce  this  result  ?  Solution. 
—Core  is  2  in.  X  2  in.,  hence  area  =  4  sq.  in.  Solving  equation  (199) 
for  N: 

100,000,000  X  EcB 100,000,000  X  100 


FlQ. 


425. — ^Laminated  iron  core  with 
insulated-wire  winding. 


^  "  4.44  X/  XAXBm       4.44  X  60  X  4  X  30,000 
Hence  313  or,  say,  310  turns  are  necessary. 


313  turns 


0*  90"  iao"  270"  3W*  90*  180*  ZTJ^ 

Fio.  426. — Graphs  of  current  and  impressed  and  counter  e.m.fs.  in  an  alter- 


nating-current circuit  containing  inductance  only, 
circuit  which  does  not  have  some  resistance.) 


(Actually  there  cannot  be  a 


740.  Phase  Relations  of  Current  and  the  Counter  E.mi.  Due 
to  Inductance  are  shown  in  Fig.  426.  The  counter  e.m.f.  of  self- 
induction  in  an  alternating-current  circuit  is  never  in  phase  with 
the  current  which  produces  it.  Nor  is  it  in  phase  with  the  e.m.f . 
impressed  on  the  circuit  by  the  generator  or  other  source.  As 
has  been  previously  stated  (Art.  736)  and  as  now  will  be  shown,  the 
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counter  e.m.f .  of  self-induction  always  lags  90  degrees  behind  the 
current.  The  reason  for  this  90-degree  lag — which  represents  a 
certain  definite  interval  of  time — ia  given  in  the  following 
explanation. 

Explanation. — ^The  intensity  of  an  e.m.f. — or  a  counter  e.m.f.  — induced 
in  any  conductor  is  determined  by  the  rate  at  which  the  conductor  cuts 
or  ia  cut  by  flux  (Art.  438).  The  greater  the  rate  of  cutting,  the  greater 
the  induced  voltage.  The  slower  the  rate,  the  lower  the  induced  voltage. 
The  counter  e.m.f.  of  self-induction  in  any  alternating-current  circuit  is 
induced  by  virtue  of  the  movement  of  concentric  lines  of  force  (Art.  465) 
which  emanate  from  the  center  of  the  conductor.  These  circular  flux  lines 
in  expanding  outward,  as  the  current  increases,  or  in  contracting  inward,  as 
the  current  decreases  (as  the  alternating  current  varies  in  intensity  or 
changes  in  direction),  cut  the  conductor  (see  Figs.  227  to  230)  or  the  turns 
of  the  coil  into  which  the  conductor  may  be  formed. 

Obviously,  the  speed  of  travel  and  speed  of  cutting  of  these  lines  is  pro- 
portional to  the  rate  of  change  of 
current.  It  is  evident  from  the  values 
shown  in  Fig.  427  that  with  an  alter- 
nating current  the  rate  of  change  of 
current  is  constantly  changing.  Dur- 
ing the  time  an  alternating  current  is 
passing  through  its  zero  value  its  rate 
of  change  is  greatest.  For  example, 
during  the  lO-degree  period  AB,  the 
current  graphed  in  Fig.  427  has 
changed  (increased)  in  intensity  by 
17.4  amp.  During  the  lO-degree 
period  CD,  the  rate  of  change  is 
slower,  viz.  an  increase  of  only  14.3 
amp.  At  about  the  time  the  current 
is  passing  through  its  maximum  value,  the  rate  of  change  is  very  slow  in- 
deed; during  the  10-degree  period  EF  the  decrease  shown  in  the  illustra- 
tion is  only  0.004  amp. 

It  can  be  shown  that  there  is  an  instant,  when  the  current  is  just  at  its 
maximum  value,  E  (Fig.  427),  during  which  the  rate  of  change  of  current 
intensity  is  zero.  Therefore,  since  the  intensity  of  a  counter  e.m.f.  at  any 
instant  is  determined  by  the  rate  of  change  of  current  at  that  instant,  the 
counter  e.m.f.  of  self-induction  induced  in  an  alternating-current  circuit 
will  be  zero  when  the  current  is  passing  through  its  maximum  value.  The 
graphs  of  Fig.  426  illustrate  this  condition.  When  the  current  is  a  maximum 
at  7m,  the  counter  e.m.f.  is  zero  at  X. 

The  rate  of  change  of  an  alternating  current  is  greatest  when  the  current 
is  passing  through  its  zero  vcdue.  Therefore,  the  counter  e.m.f.  of  self-in- 
duction is  a  maximum  when  the  current  to  which  it  is  due  is  a  minimum. 
In  Fig.  426  at  the  instant  when  the  current  is  zero,  at  N,  the  counter  e.m.f. 
of  self-induction  is  a  maximum,  at  Y.  ^ 

Since  any  induced  counter  e.m.f.  is  always  in  such  a  direction  as  to 

34 


w    9Qr 

Time 
Maximum  Value  of  Current  •  IQO  ^mp 

Fio.  427. — Showing  how  the  rate  of 
change  of  ourrent  varies  at  different 
times  in  a  cycle. 
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oppose  any  change  in  the  current  producing  it  (Art.  435),  the  curve  of  the 
counter  e.m.f.  must  be  in  the  relation  to  the  curve  of  current  that  is  shown 
in  Fig.  426.  At  the  instants  when  the  current  is  increasing  the  counter 
e.m.f.  is  decreasing.  At  the  instants  when  the  current  is  decreasing  the 
counter  e.m.f.  is  increasing. 

The  counter  e.m.f.  of  self-induction  will  lag  behind  the  current  by  90 
degrees,  which  means  that  the  counter  e.m.f.  will  reach  its  maximum  inten- 
sities in  each  cycle,  a  certain  interval  of  time  (represented  by  90  degrees; 
see  example  under  Art.  528)  later  than  the  current  reaches  its  maximum 
intensity. 

741.  The  Current  in  an  Alternating-current  Circuit  Contain- 
ing Only  Inductance  and  Resistance,  Always  Lags  Behind  the 
E.m.f.  Impressed  by  the  Generator. — The  amount  of  lag  is 
proportional  to  the  amount  of  inductance  (or  inductive  reactance, 
Art.  747)  in  the  circuit.    If  there  is  no  inductance  in  the  circuit, 

._ ^ ^  then  there  is  no  lag  and  the  current 

I^A^       B       >j  will  be  in  phase  with  the  impressed 

/''  y'" ,..- 1^ !-..,".     ., I  e.m.f.  as  shown  in  Fig.  422.    In  a 

/  ,..',.!  I  -;.|^  I  circuit  consisting  wholly  of  inductive 

/  ///  ;      :     l.cjy^*'^  \i  reactance — such  a  circuit  is,  however, 

i  ^  I  f:'^j>'¥K^-^^^'^-^  I  a  physical  impossibiUty — the  current 

i  -[Mi'  C  ^  w         'Ml  would  lag  exactly  90  degrees  behind 

\    \  ^  '^'^^^  /     ■  /     *^®  impressed  e.m.f.  as  shown  in  Fig. 

\\y\'^']^-''^^^-'y       /       426.    With  varying  proportions  of  in- 

V      ..  1. -.     y      /    ductive  reactance  and  resistance,  the 

'■S'''--''''T'''X*'''y''  /   current — as  will  be  shown  later — will 

-•..unssoff^e^^-^-'  jg^g  i^y  g^jj^^  amount  between  90  and 

^'''*  ^^tioTtfsS^^ect^''^*'"''''  0  degrees,  behind  the  impressed  e.m.f. 

With  little  inductance  in  the  circuit 
there  will  be  but  Uttle  lag;  with  much  inductance  the  lag  may  be 
almost  90  degrees. 

J42.  Skin  Effect  is  the  name  of  that  effect,  in  alternating- 
current  conductors,  whereby  the  current  density  (Art.  123a) 
at  their  surfaces  is  greater  than  that  along  their  axes.  It  amounts 
to  a  virtual  increase  in  their  resistances. 

Explanation. — It  has  been  shown  that  (see  Fig.  227)  current  in  a  con- 
ductor sets  up  a  field  of  circular  lines  of  force  about  itself.  This  field  is 
represented  in  Fig.  428.  With  an  alternating  current,  at  the  instant  when 
the  current  is  zero  there  is  no  field  and,  as  the  current  increases  during  an 
alternation,  the  field  of  concentric  circular  lines  forms  and  expands  out- 
wardly, like  smoke  rings  from  a  locomotive  stack,  from  the  center  of  the 
conductor.  When  the  current  decreases  to  zero,  during  an  alternation, 
the  lines  return  to  the  center  of  the  conductor  and  vanish.     These  circular 
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lines  of  force,  in  expanding  and  returning,  cut  the  conductor  and  produce 
self-induction  and  skin  efiPect.  More  lines  cut  the  metal  at  the  axis  of 
the  conductor  than  cut  the  metal  near  its  surface. 

In  Fig.  428,  wherein  a  field  is  shown  at  its  maximum  value,  all  of  the 
lines,  represented  by  C,  have  cut  the  axis  while  only  those  represented  by- 
B  have  cut  the  surface.  The  lines  represented  by  A  do  not,  and  can  not, 
cut  the  Burfacb.  The  result  is-  that  there  is  a  greater  counter  e.m.f.  of 
self-induction  at  the  center  of  the  conductor  than  at  its  surface.  This 
tends  to  force  most  of  the  current  toward  the  surface.  With  large  con- 
ductors and  high  frequencies  there  is  practically  no  current  at  the  axis  of 
the  conductor.  Most  of  the  current  is  carried  near  the  surface.  A  central 
core  of  some  non-conducting  material  is  often  used  in  large  stranded  con- 
ductors so  that  the  copper  in  the  conductor  will  be  worked  at  a  good 
efficiency. 

While  the  self-induction  of  a  conductor,  which  causes  voltage  drop,  and 
the  skin  effect  in  the  conductor  both  originate  from  the  same  magnetic  field, 
they  are  not  otherwise  related.  They  are  two  distinct  effects  and  should 
always  be  considered  separately.  With  small  conductors,  at  commercial 
frequencies,  the  skin  effect  is  negligible.  Inasmuch  as,  because  of  skin 
effect,  all  of  the  sectional  area  of  a  large  alternating-current  conductor  can 
not  be  effectively  utilized,  the  result  of  skin  effect  amounts  to  an  increase 
in  the  resistance  of  a  conductor — since  it  increases  the  voltage  drop  and 
energy  loss.  Skin  effect  is  considered  as  an  increase  in  resistance.  The 
following  tables  give  constants  by  which  the  actual  resistances  of  conductors 
must  be  multiplied  to  obtain  their  virtual  resistances  to  alternating  cur- 
rents. The  counter  e.m.f.  of  self-induction  of  a  conductor  requires  no  energy 
to  overcome  it  (see  784)  but  energy  is  required  to  "overcome"  the  virtual 
increase  of  resistance  due  to  skin  effect. 
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743.  Skin  Effect  Factors  at  20  Deg.  C.  for  Straight  Cylindrical 
Conductors. — Values  by  means  of  which  the  skin  effect,  of  round 
conductors  of  copper,  aluminum,  iron  or  steel,  can  be  obtained 
for  any  frequency  (Standard  Handbook). 


Product  of 

Skin-effect  factor 

Product  of 

circular  mils 

times  cycles 

per  second 

Skin-«ffect  factor 

times  cyclea 
per  second 

Ck>pper 

Aluminium 

Iron 

Steel 

5,000,000 
10,000,000 
20,000,000 

1.000 
1.003 
1.011 

1.000 
1.001 
1.004 

600,000 
1,000,000 
2,000,000 

1.000 
1.000 
1.057 

1.000 
1.000 
1.000 

30,000,000 
40,000,000 
50,000,000 

1.025 
1.044 
1.068 

1.009 
1.017 
1.027 

3,000,000 
4,000,000 
6,000,000 

1.215 
1.485 
1.520 

1.000 
1.001 
1.0015 

60,000,000 
70,000,000 
80,000,000 

1.096 
1.125 
1.156 

1.038 
1.052 
1.067 

6,000,000 
7,000,000 
8,000,000 

1.640 
1.750 
1.850 

1.002 
1.003 
1.004 

90,000,000 
100,000,000 
125,000,000 

1.188 
1.222 
1.340 

1.077 
1.101 
1.148 

9,000,000 
10,000,000 

1  12,500,000 

1 

1.950 
2.040 
2.250 

1.005 
1.006 
1.009 

150,000,000 
175,000,000 
200,000,000 

1.440 
1.530 
1.620 

1.200 
1.260 
1.330 

16,000,000 
17,500,000 
20,000,000 

2.440 
2.620 
2.780 

1.013 
1.018 
1.023 

250,000,000 
300,000,000 
350,000,000 

1.780 
1.920 
2.060 

1.460 
1.570 
1.680 

25,000,000 
30,000,000 
35,000,000 

3.080 
3.340 
3.600 

1.036 
1.051 
1.069 

400,000,000 
450,000,000 
500,000,000 

2.180 
2.300 
2.410 

1.770 
1.870 
1.950 

40,000,000 
45,000,000 
50,000,000 

3.820 
4.040 
4.240 

1.088 
1.107 
1.131 

550,000,000 
600,000,000 

2.520 
2.620 

2.040 
2.110 

55,000,000 
60,000,000 

4.440 
4.620 

1.155 
1.177 

Example. — What  is  the  skin-effect  factor  with  a  frequency  of  60  cycles 
for  a  round  iron  conductor  of  500,000  cir.  mil  area?  Solution. — {circular 
mils)  X  {cycles  per  second)  =  500,000  X  60  =  30,000,000.  The  factor  cor- 
responding to  30,000,000  for  an  iron  conductor  in  the  above  table  is  3.34. 
The  conductor  would  have  an  apparent  resistance  for  a  60-cycle  current 
3.34  times  as  great  as  for  a  direct-current. 


SECTION  47 
WHAT  REACTANCE  AND  IMPEDANCE  REALLY  MEAN 

744.  Ohm's  Law  Really  Applies  to  All  Alternating-current 
Circuits  as  well  as  to  all  actual  direct-current  circuits.  But  the 
method  of  its  application  to  some  alternating-current  circuits 
involves  a  somewhat  tedious,  though  not  complicated  process. 
First  it  will  be  shown,  in  a  general  way,  why  this  is  true;  then  a 
numerical  example  illustrating  the  truth  will  be  recited: 

With  a  direct-current  circuit  (Art.  134) :  I  =^  E  -t-  R,  where  / 
=  current  in  amperes,  E  =  e.m.f.,  in  volts,  which  impels  /  in 
the  circuit  and  R  =  resistance,  in  ohms,  of  the  circuit.  Note 
particularly  that  E  =  e.m.f.  in  volts  which  impels  I;  this  E  is  not 
necessarily  the  e.m.f.  or  voltage  impressed  on  the  direct-current 
circuit.  If  there  is  a  source  of  counter  e.m.f.  in  the  circuit,  the 
voltage  E  which  impels  the  current  will  be:  Impressed  Voltage 
minus  Counter  Voltage.  That  is,  where  there  is  a  counter  e.m.f. 
in  the  circuit,  the  available,  net  or  active  voltage  is  something 
less  than  the  impressed  voltage.  The  available  voltage  which 
actually  forces  current  through  a  direct-current  motor,  armature 
which  \3  tumiog,  is  the  voltage  impressed  on  the  motor  minus 
the  counter  e.m.f.  induced  in  the  motor  armature  due  to  its 
rotation.  In  many — in  fact  probably  in  a  majority — of  direct- 
current  circuits  there  is  no  source  of  counter  voltage;  hence  for  a 
majority  of  (but  not  for  all)  direct-current  circuits,  the  current 
equ^  the  e.m.f.  impressed  on  the  circuit  divided  by  the  resistance 
of  the  circuit  because,  in  these  cases  where  there  is  no  counter 
e.m.f.,  the  available  or  energy  e.m.f.  must  necessarily  be  the  im- 
pressed e.m.f. 

Precisely  the  same  general  situation  obtains  in  regard  to  the 
appHcation  of  Ohm's  law  with  alternating-  as  with  direct- 
current  circuits.  The  current  in  an  alternating-current  circuit 
equals  the  available  (active  or  energy)  e.m.f.  divided  by  the 
resistance  of  the  circuit.  And  to  determine  the  available  e.m.f. 
in  any  circuit,  any  counter  e.m.f.  developed  in  the  circuit  must  be 
subtracted  from  the  e.m.f.  impressed  on  the  circuit — ^just  as  with 
direct-current  circuits. 
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It  was  shown  in  Art.  732  that  the  current  in  an  alternating- 
current  circuit  containing  resistance  only  is  equal  to  the  e.m.f. 
impressed  on  the  circuit  divided  by  the  resistance.  The  reason 
why  this  rule  is  a  true  one  is  that  no  counter  e.m.f.  is  developed 
in  an  alternating-current  circuit  containing  only  resistance. 
Hence,  in  such  a  circuit  the  impressed  e.m.f.  is  the  available  or 
energy  e.m.f.  But  if  there  is  permittance  (capacitance)  or  in- 
ductance in  an  alternating-current  circuit,  each  when  current 
flows,  exerts  a  counter  e.m.f.  (Arts.  735  and  753),  which  opposes 
the  impressed  e.m.f.  Hence,  to  obtain  the  value  of  the  available 
or  energy  e.m.f.  (the  e.m.f.  which  is  actually  serviceable  in  impel- 
ling current)  in  an  alternating-current  circuit  the  counter  e.m.fs., 
if  there  are  such,  developed  due  to  inductance  or  to  permittance 
or  to  both  must  be  subtracted  from  the  impressed  e.m.f. 

In  direct-current  circuits  the  counter  e.m.fs. — ^if  there  are  such — 
are  in  phase  (Art.  685)  with  their  impressed  e.m.fs.;  hence  to 
obtain  the  net  e.m.f .  in  a  direct-current  circuit  the  counter  e.m.f. 
is  subtracted  arithmetically  from  the  impressed  e.m.f.  (Art.  730). 
But  in  alternating-current  circuits,  the  counter  e.m.fs.  of  self- 
induction  and  of  permittance  are  not  in  phase  with  the  impressed 
e.m.f.  (Arts.  736  and  763).  That  is,  the  counter  e.m.fs.  of  in- 
ductance and  permittance  do  not  attain  their  maximum  values 
at  the  same  instants  as  those  at  which  the  impressed  e.m.f. 
attains  its  maximum  values.  It  follows  that,  to  obtain  the  net 
— ^available — e.m.f.  in  an  alternating-current  circuit,  the  subtrac- 
tion of  the  counter  from  the  impressed  e.m.f.  can  not  be  made 
arithmetically.  It  must  be  made  vectorially  and  the  phase 
relations  between  the  e.m.fs.  concerned  must  be  given  due  con- 
sideration. Just  how  this  may  be  done  and  a  verification  of  the 
fact  that  Ohm's  law  holds  for  alternating-current  circuits,  are 
shown  in  the  illustrative  example  which  follows.  In  the  circuit 
of  this  example  there  are  only  resistance  and  inductance.  Cir- 
cuits containing  permittance  are  treated  in  another  section  of  the 
book. 

Example. — In  a  certain  coil  in  a  60-cycle,  alternating-current  circuit 
(Fig.  429),  the  current  is  XI  amp.  with  an  impressed  e.m.f.  of  110  volts. 
The  resistance  of  the  coil  is  5  ohms  and  its  inductance  is  0.023  henry.  An- 
alyze this  situation  and  show  that  the  current  — 11  amp. — in  the  coU  is  equal 
to  the  available  or  energy  e.m.f.  acrosa  the  coil  divided  hy  its  resistance — 5  ohms. 
Also  show  that  the  available  or  energy  e.m.f.  is  equal  to  the  impressed  e.m.f. 
minus  the  counter  e.m.f.  of  self-induction  developed  in  the  coil. 

Solution. — Now  the  resistance  of  the  coil  AB  (Fig.  429)  is  6  ohms. 
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Coi/  Having  5  Ohm 
(KKS  Henry  fneitctance-. 


Hence,  by  Ohm's  law  (Art.  134)  the  available,  or  energy  e.m.f.  which  actu- 
ally impels  the  11-amp.  current  in  it  must  be:^«  si2X/"5Xll  » 
55  volts. 

The  impressed  e.m.f.,  Eiy  is  110  volts.  Since  the  coil  has  an  inductance 
of  0.023  henry  and  the  current  in  it  is  11  amp.,  the  counter  e.m.f.  of  self- 
induction  developed  in  the  coil  must  be  (Art.  737):  Ec  =  6.28  Xf  XL  X 
I  =  6.28  X  60  X  0.023  X  11   -  95.3 

V0U8, 

Now  proceed  with  the  solution  of  the 
problem  to  show  that  the  energy  e.m.f. 
— 55  volts — ^is  equal  to  the  impressed 
e.m.f. — 110  volts — ^minus  the  counter 
e.m.f .  of  self-induction  developed  in  the 
coil — ^95.3  volts.  That  is,  show  that  55 
volts  is  the  difference  between  an  im- 
pressed e.m.f.  of  110  volts  and  a  counter 
e.m.f.  of  self-induction  of  95.3  volts. 

First  draw  reference  lines  (Art.  721) 
at  right  angles  to  one  another  as 
shown  at  I  in  Fig.  430.  Now  plot  a  vector,  OE,f  as  shown  in  //,  to  repre- 
sent in  length  to  scale,  the  energy  e.m.f.  of  55  volts.  This  vector  is  plotted 
horizontally  because  the  e.m.f.  it  r^resents  is  in  phase  with  the  current 
and  (as  suggested  in  Art.  721)  it  is  usually  most  convenient  to  plot  hori- 
zontally, vectors  representing  values  which  are  in  phase  with  the  current. 


Fio.  429. — Current  and  voltage  re- 
lations in  a  circuit  having  5  ohms  re- 
sistance and  0.023  henry  inductance. 
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Fig.  430. — Illustrating  the  process  of  a  vector  solution  of  a  problem. 


Now  plot  the  vector  representing  the  counter  e.m.f.  of  self-induction  of 
95.3  volts.  Since  (Art.  736)  the  counter  e.m.f.  of  self-induction  always  lags 
90  degrees  behind  the  current — and  consequently  90  degrees  behind  the 
energy  e.m.f. — this  vector  plotted  to  scale  95.3  volts  long  wiU  fall  in  the 
position  OEej  as  shown  at  ///. 

There  have  now  been  plotted,  in  ///,  two  vectors  OE^  and  OEc  represent- 
ing, in  length  and  phase  relation,  the  energy  e.m.f.  of  55  volts  and  the  counter 
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e.m.f .  of  self-induction  of  95.3  volts.  It  now  remains  to  plot  another  vector 
which  will  be  called  OiEi,  which  will  represent  in  length  and  phase  relation 
the  impressed  e.m.f.  of  110  volts.  If  the  vector  OE,  (in  ///)  represents  the 
difference  between  two  e.m.fs.  and  OEc  represents  one  of  the  two,  it  follows 
from  the  suggestions  of  Arts.  724  and  731  that  OEi  (in  IV)  must  represent 
the  other  e.m.f.  of  the  two.  The  vector  OEi  is  plotted  thus:  Draw  the  con- 
struction line  EcE»,  then  draw  OX  through  0  parallel  to  EcE,.  Now  draw 
construction  line  E^Y  paraJlel  to  OEc.  Then  the  point,  Ei,  of  intersection 
of  the  OX  and  E^Y  will  determine  the  length  of  the  vector  OEi  which  is 

plotted  along  OX. 

Now  by  scaling  it  will  be  found  that 
the  length  of  OEi  equals  110  volts, 
which  as  stated  in  the  specifications 
of  the  above  example  is  the  value  of 
the  impressed  e.m.f.  Thus  it  has 
been  shown  that  the  available  or 
energy  e.m.f.  of  55  volts  which  impels 
the  11-amp.  current  in  the  coil  of  Fig. 
429  is  equal  to  the  difference  between 
the  impressed  e.m.f.  of  110  volts  and 
the  counter  e.m.f.  of  self-induction  of 
95.3  volts. 

By  scaling  with  a  protractor  it  is 
found  that  the  angle  ^  in  Fig.  430, 
IV,  is  60  degrees.  Hence,  it  follows 
that,  in  this  particular  circuit,  the 
current — and  the  energy  e.m.f. — ^lag 
60  degrees  behind  the  applied  e.m.f. 

745.  The  Portion  or  Compo- 
nent of  Impressed  E.mi.  Which 
Is  Necessary  to  Neutralize  the 
Counter  E.mi.  of  Self-induction 

must  be  just  equal  in  intensity 
and  opposite  in  phase  to  the 
counter  e.m.f.  of  self-induction.  That  this  is  true  is  evident 
almost  without  explanation.  Any  impressed  e.m.f.  may  be 
considered  as  comprising  two  components  (Art.  724)  parts  or 
portions:  an  energy  e.m.f.  and  an  induction  e.m.f.  Thus,  con- 
sider Fig.  431  which  has  been  plotted  to  the  values  of  the  ex- 
ample just  above  recited.  The  vector  OEi  (Fig.  431)  represents 
the  impressed  e.m.f.  It  may  be  considered  as  comprising  two 
components  OE^  and  OE^  differing  in  phase  by  90  degrees.  The 
component  OE^  represents  the  energy  part  of  the  impressed 
e.m.f.  which  is  available  for  actually  circulating  the  current  in 
the  circuit.    The  component  OEn  represents  the  "Induction" 


Fio.  431. — Phase  diagram  illustrat- 
ing induction  component  of  impreesed 
e.m.f. 
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component  or  part  of  the  impressed  e.m.f.  which  is  "used  up"  in 
neutralizing  the  counter  e.m.f.  of  self-induction. 

If  the  induction  component  of  the  impressed  e.m.f .  is  to  neu- 
tralize the  counter  e.m.f.  of  self-induction,  the  induction  e.m.f. 
must  be  a  maximum  in  the  negative  direction  (Z,  Fig.  426)  at 
the  instant  (7)  the  counter  e.m.f.  of  self-induction  is  a  maximum 
in  the  positive  direction.  That  is,  these  two  e.m.fs.  should  always 
differ  in  phase  by  180  degrees  as  shown  in  the  phase  diagram  of 
Fig.  431  and  the  graphs  of  Fig.  426. 

Example. — If  a  current  of  2  amp.  is  forced  through  the  inductance  of 
0.133  henry  (no  resistance  or  permittance  in  this  imaginary  circuit)  of  Fig. 
420,  II,  the  generator  must  impress  across  the  inductance  a  pressure  just 
equal  to  the  counter  e.m.f.  induced  by  the  2-amp.  current.  As  shown  in 
the  example  relating  to  this  Fig.  420,  which  is  given  under  Art.  747,  the 
counter  e.m.f.  developed  by  the  2-amp.  current  through  the  inductance  of 
0.133  henry  is  100  volts.  It  follows,  therefore,  that  the  impressed  e.m.f. 
necessary  to  impel  this  2-amp.  current  must  also  be  just  100  volts — since 
it  is  assumed  that  in  this  imaginary  circuit  there  is  no  resistance.  Further- 
more, since  it  is  assumed  that  there  is  no  resistance  in  the  circuit,  there  is 
no  energy  e.m.f.  The  current  which  circulates  in  this  resistanceless  circuit 
does  no  work  and  represents  no  energy  (see  "Power-factor,"  Art.  782). 
The  counter  e.m.f.  and  the  impressed  e.m.f.  in  this  imaginary  circuit  must 
differ  in  phase  (see  Fig.  426)  by  180  degrees. 

746.  It  Is  Not  Usual  in  Solving  Problems  in  Alternating 
Currents,  to  First  Determine  the  Energy  E.mi.  and  then  com- 
pute the  current  by  dividing  this  energy  or  available  e.m.f. 
value  by  the  resistance,  as  was  done  in  the  solution  of  the  problem 
relating  to  Fig.  429.  It  is,  as  will  be  shown,  possible  to  treat  the 
counter  e.m.f.  eflfects  of  inductance  (and  of  permittance,  Art. 
753)  as  if  these  effects  were  a  kind  of  resistance — which  is  called 
recLctance.  They — reactance  effects — can  be  combined  with  the 
actual  "ohmic"  resistance  of  the  circuit  to  determine  the  total 
opposition  offered  to  flow  of  current  in  the  circuit.  Then,  if 
the  impressed-voltage  value  be  divided  by  this  composite  quantity 
called  "impedance"  (Art.  748)  (which  is  expressed  in  ohms) 
which  represents  the  combined  opposition  due  to  actual  resistance 
and  inductance  (and  permittance  if  there  is  appreciable  permit- 
tance in  the  circuit)  the  value  of  current,  in  amperes,  in  the  circuit 
will  result.  The  situation  is  discussed  and  illustrative  examples 
are  given  in  following  articles. 

747.  Inductive  Reactance  is  the  name  which  has  been  given 
to  the  opposition  offered  to  the  flow  of  alternating  currents  due 
to  the  counter  e.m.f.  of  self-induction  (Art.  479).    It  is  numer- 
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ically  equal  but  opposite  to  the  counter  e.m.f.  of  self-induction 
in  an  alternating-current  circuit.  Reactance  is  expressed  in 
ohms  just  as  is  resistance.  Just  as  an  e.m.f.  is  necessary  to 
impel  current  through  resistance,  an  e.m.f.  is  also  necessary  to 
"overcome''  or  neutralize  the  counter  e.m.f.  induced  in  an  alter- 
nating-current circuit  which  contains  inductance — that  is,  induc- 
tive reactance.  The  formula  whereby  the  inductive  reactance 
in  any  alternating-current  circuit  may  be  computed  is: 

(200)  •         X.  =  6.28  X  /  X  L  (ohms) 

(201)  /  =  g28^2;  (cycles  per  sec.) 

(202)  L  =  g^gf^  (henry) 

Wherein  X.  =  inductive  reactance  of  the  circuit  in  ohms. 
/  =  frequency  of  e.m.f.  impressed  on  circuit,  in  cycles  per  second. 
L  =  inductance  in  the  circuit,  in  henrys. 

Note  (Art.  737)  that  the  counter  e.m.f.  of  self-induction,  Ec  =  6.28  X  /  X 
L  X  I  and  that  the  portion  "6.28  X/  X  L"  of  this  quantity  is  called  in- 
ductive reactance.  When  the  reactance  (ic,,  in  ohms)  is  multiplied  by  the 
current  (/,  in  amperes),  the  portion  or  component  of  the  impressed  e.m.f. 
in  volts  which  is  necessary  to  neutralize  (Art  745)  the  counter  e.m.f.  of  self- 
induction  (so  that  there  may  be  available  an  energy  e.m.f.  to  force  a  current, 
/,  to  flow)  is  the  result.  The  similarity  between  resistance  and  reactance 
is  shown  by  the  following  examples: 

Example. — In  the  circuit  of  Fig.  420,/,  which  contains  only  resistance, 
the  e.m.f.  necessary  to  produce  a  current  of  2  amp.  is,  substituting  in  the 
Ohm's  law  formula  (Art.  134):  ^  =  i?  X  /  =  50  X  2  =  100  volts.  With 
an  inductance  of  0.133  henry  in  circuit,  as  in  Fig.  420,//,  the  60-cycle,  al- 
ternating e.m.f.  necessary  to  force  a  current  of  2  amp.  through  the  reactance 
having  an  inductance  of  0.133  henry  is  similarly  obtained.     Thus: 

E  ^X.XI 

E  =  (6.28  X/ XL)  XI 

E  =  (6.28  X  60  X  0.133)  X  2  =  50  X  2 

E  ^  100  voUa. 
The  inductive  reactance  in  this  example  is  therefore  50  ohms. 

For  direct-current  circuits  and  for  alternating-current  circuits 
having  no  inductance: 

(203)  Current  =  -^^"^    or    /  =  |- 
^  resistance  R 

Similarly:    For  alternating-current  circuits  containing  inductive 

reactance  only: 

(204)  Current  =  _^:^>L    q^    /  =  ^ 

reactance  X, 
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and 

(205)  E  --  I  XXa  (volts) 
or 

i205A)  Xs--  E  -ir  I  (ohms) 

Wherein  E  =  the  e.m.f.,  in  volts  (effective  e.m.f.  in  an  alternat- 
ing-current circuit)  impressed  on  the  circuit.  /  =  current  in 
amperes  in  the  circuit.    Xs  =  reactance,  in  ohms,  of  the  circuit. 

Note. — Reactance  can  not  be  added  directly  to  resistance  although  their 
effects  are  similar  in  that  they  both  tend  to  limit  the  current  intensity  in 
a  circuit.  How  resistance  and  reactance  can  be  added  is  shown  in  Art.  749. 
Reactance  may  also  be  defined  as  that  quantity  which,  when  multiplied  by 
the  current,  gives  that  component  or  portion  of  the  impressed  e.m.f.  which 
is  at  right  angles  to  the  current. 

748.  Impedance  is  the  name  given  to  that  quantity  which 
represents  the  combined  resisting  effects  of:  (1)  Actiuil  (ohmic) 
resistance  and  (2)  the  apparent  resistance  {reactance)  or  the  opposi- 
tion due  to  counter  e.mjs,  of  self-induction  and  permittance.  Im- 
pedance is  expressed  in  ohms.  If  the  impedance  (ohms)  of  a  cir- 
cuit be  multiplied  by  the  current  (amperes)  in  the  circuit  the 
resulting  value  will  be  the  alternating  e.m.f.  in  volts  impressed 
on  the  circuit.  It  follows  then  that,  for  alternating-current  cir- 
cuits: 

(206)  7  =  1  (amp.) 
hence 

(207)  Z  =  f  (ohms) 

and 

(208)  E  =  IXZ  (volts) 
Wherein  /  =  current  (effective)  in  the  circuit,  in  amperes.  E  = 
the  e.m.f.,  effective,  in  volts,  impressed  on  the  circuit.  Z  =  the 
impedance  of  the  circuit  in  ohms. 

749.  To  Obtain  the  Value  of  Impedance,  resistance  must  be 
combined  with,  that  is,  added  to,  reactance  (Art.  747).  How- 
ever, since  the  effects  of  resistance  and  reactance  differ  in  phase 
by  90  degrees  they  can  not  be  added  arithmetically.  It  can  be 
shown  that  (Art.  760  and  Fig.  434)  the  counter  or  opposing  effect 
of  inductive  reactance  (the  I  X  Xa  drop)  leads  the  opposing 
effect  of  resistance  (the  I  X  R  drop)  by  90  degrees.  They  are 
at  right  angles  to  each  other  and  can  be  represented  by  phase  or 
vector  diagrams  as  in  Fig.  432. 
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Example. — Fig.  432,7  shows  a  circuit  the  reactance  (8  ohms)  of  which 
was  computed  from  equation  (200)  of  Art.  747.  The  impedance  (the  sum 
of  the  resistance  and  reactance)  was  obtained  by  drawing  diagonals  in  the 
parallelograms  of  the  phase  diagrams  and  by  drawing  a  hypotenuse  in  the 
vector  diagram.    The  resulting  value  is  the  same  in  each  case. 

In  a  right-angled  triangle: 

(209)  Hypotenuse  =  V(<me  side)*  +  {other  sideY 
It  follows  that: 

(210)  Impedance  =  y/{re9isUmcey  +  {rea(Aancey 


SOfrnts- 
TST-Vector  Diagram 

Fig.  432. — Impedance  diagrams. 


Now  it  was  shown  (Art.  747)  that  inductive  reactance  = 
6.28  Xf  X  L.  Therefore  (for  a  circuit  which  contains  only  in- 
ductance and  resistance — ^no  permittance) : 

(211)  Z  =  \//e*  +  (6.28X/XL)2  (ohms) 

Wherein  Z  =  impedance  in  ohms;  R  =  resistance  in  ohms. 

Example. — What  is  the  impedance  of  the  coil  of  Fig.  433,7?  It  has  an 
inductance  of  0.03  henry  and  a  resistance  of  30  ohms.  The  frequency  is 
60  cycles.    What  will  be  the  current  with  an  impressed  e.m.f.  of  100  volts? 

Solution. — Substituting  in  the  impedance  formula: 

Z  =  \/i2«+(6.28X /L)«  =  \/(30  X  30)  +(6.28  X  60  X  0.03) (6.28  X  60  X  0.03) 
-  V(30  X  30)  -f  (11.3  X  11.3)  -  VSob  +  127.7  =  Vl,027.7  =  32.1  ohms. 
The  problem  could  be  solved  graphically,  as  suggested  at  77,  by  laying 
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out  the  sides  of  a  right-angled  triangle  to  scale  to  represent  the  resistance 
and  reactance  and  then  scaling  the  hypotenuse  to  obtain  the  impedance. 
The  current  that  would  flow  through  the  coil  AB  with  a  60-cycle  e.m.f.  of 
100  volts  impressed  across  it  would  be  (Formula  206) : 

100 


'Atftfmrfmff'Curnnt 
6«nnfor-60CifcJes 
Circuit  Diagram 


0  Ohms    >  K) 

L  ■  J  ■  ■  i 

1- Graphic  Solution 


Fio.  433. — Example  in  computing  impedance. 

760.  The  Relations  of  the  Different  E.mis.  and  the  Compo- 
nents Thereof  in  Alternating-current  Circuits  containing  resis- 
tance only,  and  containing  resistance  and  inductance,  are  shown 
respectively,  in  Fig.  434,  at  I  and  //.    In  a  circuit  containing 
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Resistance  Drop'IxR 


IX 
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Impressee/  EMF. 


1- For  Circuit  Containing 
Resistance  Only 


iX 


(iseriso  energy  EMF.) 


^-—^ 


ktilucthn  E.UF. .^ 

(Requireel  to  Neutral  in       ^ 
Reactance  or  Counter 
E.M.F.  of  Self  Induction) 


Resistance  Drop'txR 


y. .  1-  For  Circuit  Containina 

X|  Resistance  and  Inductance 

FiQ.  434. — Graphic  statement  of  e.m.f.  relations  in  alternating-current  circuit. 

resistance  only,  the  e.m.f.  O'C  (as  shown  at  /),  impressed  by  the 
generator  or  other  source  of  alternating  e.m.f.,  is  spent  wholly  in 
"  overcoming ''  or  neutralizing  the  resistance  drop  O'F'.  The 
current  (/)  in  the  circuit,  (for  which  no  vector  is  shown)  is  in 
phase  with  the  impressed  e.m.f.  O'C  In  a  circuit  (//)  contain- 
ing resistance  and  inductance,  there  are  two  counter  forces  which 
the  impressed  e.m.f.  must  overcome:  (1)  The  resistance  drop  OF . 


542 


PRACTICAL  ELECTRICITY 


[Akt.  761 


(2)  The  reactance  drop  OD — which  is  the  counter  e.m.f.  of  self- 
induction  (Art.  747.)  The  resultant  or  vector  sum  of  OF  and 
OD  is  the  impedance  drop  OE.  The  e.m.f.  OB  impressed  on 
the  circuit  under  consideration  must  be  equal  and  opposite  to  the 
impedance  drop  OE,  This  impressed  e.m.f.  OB  may,  as  before 
outlined  in  Art.  745,  be  considered  as  being  composed  of  two 
components:  (1)  An  induction  component,  OA,  which  neutralizes 
the  counter  e.m.f.  of  self-induction  and  which  represents  no  real 
energy.  (2)  An  energy  component,  OC,  which  actually  impels  the 
current  which  does  work  through  the  resistance  and  which  repre- 
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Fig.  435. — Relations  in  an  alternating-current  circuit  of  2  ohms  reactance,  no 

resistance. 


sents  real  energy.  Component  OA  is  equal  and  opposite  to  OD. 
The  current  will  always  be  in  phase  with  OC  and  will  lag  behind 
the  impressed  e.m.f.  OB  by  the  angle  0.  The  cosine  of  the  angle 
<t>  is  the  power-factor  (Art.  783)  of  the  circuit. 

761.  Further  Discussion  of  Impedance,  as  Relating  to  Cir- 
cuits Containing  Permittancei  and  the  Solution  of  Problems 
Involving  Impedances  in  Series  and  in  Multiple  will  be  discussed 
in  a  following  section  of  this  book  (Art.  772)  after  the  phenomenon 
of  permittance  in  alternating-current  circuits  has  been  treated. 

762.  Examples  of  Voltage  and  Current  Relations  in  Circuits 
Having  Different  Proportions  of  Resistance  and  Inductance 


Sec.  47] 


REACTANCE  AND  IMPEDANCE 


543 


r-^1 


/A  COtrmutorf'eO  Cycki 


'  L-'OOOSHenry  t 


I- Circuit  Diagram 


RestslenrK^ 


ir-Jmpedoncc  Vector    HI-^t»grV>cltjr 
Diagram  .„>«?••«'". 


(Effective  vt/rs; 


-  ^     .'tmpressed 

/    :   \  V, 

-/^  '  JCurrenr   .\ 


CounferEMF. 
ofSelflnoluctiorr 

TS^  Voltage  Phase 

Diagram 
(MaxlmumVoltagei> 


E ffectfve Impressed Lkl£^/OOV  Effective  Current 'Sa  Amp. 

V-  Curves 


Fio.  436. — Relations  in  alternating-current  circuit  of  1.9  ohm  reactance  and 

0.5  ohm  resistance. 
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Fia.  437. — Relations  in  an  alternating- current  circuit  of  1.7  ohm  reactance  and 

1  ohm  resistance. 
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are  shown  in  Figs.  435,  436,  437  and  438.  In  all  cases  the  cur- 
rent will  be  in  phase  with  the  energy  or  available  e.m.f.  (note 
under  Art.  735)  but  will,  since  there  is  inductance  in  these  circuits, 
lag  behind  the  impressed  e.m.f.  The  greater  the  relative  amount 
of  inductance  the  greater  will  be  this  lag. 

Note. — In  each  example  the  reactance  was  first  computed  as  directed  in 
Art.  747  and  then  the  impedance  and  voltage  triangles  were  drawn  in  accord- 
ance with  the  preceding  suggestions  of  Art.  744.     The  angle,  ^,  between 
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Fio.  438. — Relations  in  an  alternating-current  circuit  of  1.73  ohm  resistance  and 

10  ohm  reactance. 


the  hypotenuse  and  the  base  of  each  of  the  triangles  is  the  angle  by  which 
the  current  lags  behind  the  impressed  e.m.f.  Note  that  the  lag  angles  in 
the  triangles  are  the  same  as  in  the  corresponding  phase  diagrams  and 
graphs.  If  a  circuit  having  no  resistance  but  some  reactance  could  exist,  its 
voltage  and  current  relations  would  be  as  shown  in  Fig.  435;  the  current 
would  lag  exactly  90  degrees  behind  the  impressed  e.m.f.  The  condition 
shown  in  Fig.  435  can  never  be  realized  in  practice  because  all  conductors 
have  some  resistance — however,  the  condition  suggested  may  be  approxi- 
mated. The  relations  in  a  circuit  containing  only  resistance  are  shown  in 
Fig.  422. 


SECTION  48 

PERMITTANCE  OR  CAPACITY  IN  ALTERNATING- 
CURRENT  CIRCUITS 

763.  The  Action  of  Inductance  and  Permittance  (Capacitance) 
When  the  Voltage  of  or  the  Current  in  a  Circuit  Changes  is  this: 
The  reaction  of  a  permittor  or  condenser  instead  of  tending — 
as  does  inductive  counter  e.m.f — ^to  prevent  any  change  in  cur- 
rent, tends  to  prevent  any  change  in  voltage.  That  is,  it  tends 
to  keep  the  voltage  constant. 

ExAMPLB. — ^If  an  e.m.f.  is  impressed  across  a  ''dead"  circuit  having  in- 
ductance (Fig.  243),  the  inductance  (Art.  471)  tends  to  prevent  (Pig.  246) 
a  current  from  "building  up  "  in  the  circuit.  Now,  with  the  current  flowing, 
if  the  e.m.f.  is  discontinued  and  the  circuit  short-circuited  (Fig.  243),  the 
inductance  will  tend  to  prevent  (Fig.  247)  the  "decay"  of  the  current. 

But  if  an  e.m.f.  be  impressed  across  a  "dead"  circuit  containing  permit- 
tance, the  permittance  does  not  oppose  the  "building  up"  but  instead  "per- 
mits" the  displacement  current  to  flow  until  the  counter  e.m.f.  of  the  per- 
mittor due  to  its  stressed  dielectric,  is  equal  to  the  impressed  e.m.f.  Then, 
with  the  dielectric  "charged,"  if  the  e.m.f.  is  discontinued  and  the  circuit 
short-circuited,  the  permittance  instead  of  retarding  the  "decay"  of  the 
current  will  accelerate  it  by  virtue  of  the  counter  e.m.f.  which  it  imposes. 
Obviously,  then,  inductance  tends  to  prevent  a  current  from  "building  up" 
in  a  dead  circuit  while  permittance  tends  to  permit  it  to  "build  up."  Fur- 
thermore, inductance  tends  to  prevent  the  "decay"  of  current  in  a  live  cir- 
cuit when  the  e.m.f.  is  discontinued  while  permittance  tends  to  promote 
such  decay. 

Note. — The  Tebms  "Capacity,"  "Capacitance"  and  "Permittance" 
ARE  Stnontmous  wheu  used  as  relating  to  electrostatics.  However,  the  term 
"capacity"  may  have  two  distinct  meanings  in  electrical  parlance.  Hence, 
to  eliminate  misunderstandings,  "capacity"  should  be  used  only  in  referring 
to  "power  capacity,"  "current-carrying  capacity"  or  in  similar  senses.  In 
referring  to  "electrostatic  capacity," either  "permittance "or  "capacitance" 
should  be  used.  "Capacitance "  is  the  word  recommended  in  the  A.  I.  E.  £. 
Standardization  Rules,  but  "permittance"  (which  was  suggested  by  O. 
Heaviside)  is  preferred  by  the  author  because  it  is  the  more  expressive  of  the 
actual  property  of  the  dielectric. 

764.  Inductance  or  Permittance  (Capacitance)  Effects  Are 
Produced  Respectively  by  Changes  of  Current  or  of  Voltage. — 

The  eflfects  due  to  inductance  occur  in  a  circuit  only  when  the 
35  545 
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current  in  the  circuit  changes.  The  effects  due  to  permittance 
(or  capacitance)  in  a  circuit,  occur  only  when  the  voltage  of  the 
circuit  changes. 

Example. — If  it  were  possible  to  change  the  current  in  a  given  circuit 
without  altering  the  voltage  conditions  therein,  then,  in  that  case,  only  in- 
ductance effects  would  be  observed — ^no  capacity  effects.  If  it  were  possible 
to  change  the  voltage  impressed  on  a  circuit  without  changing  the  current 
intensity  (amperes)  in  any  part  of  the  circuit,  then  only  permittance  effects 
would  be  observed.  In  actual  circuits  it  is  practically  impossible  to  change 
the  impressed  voltage  without  changing  the  current,  and  vice  versa.  How- 
ever, in  practice,  except  where  high  voltages  are  involved  or  where  the  cir- 
cuit is  provided  artificially  with  an  unusual  amoimt  of  permittance  (with 
a  permittor  or  condenser),  the  effects  of  permittance  are  of  little  consequence. 
The  effects  of  inductance,  since  they  are  determined  solely  by  the  inductance 
of  and  the  current  in  the  circuit,  may  be  and  are  frequently,  very  noticeable 
in  low-voltage  circuits — ^particularly  in  alternating-current  circuits. 


1-   Diekctrk 


V     ^-^ 

Volkctor  Rings 

Fio.  439. — Condenser  or  permittor  in  an  alternating-current  circuit.     (The 
hydraiilic  analogy  of  this  illustration  is  shown  in  Fig.  443.) 

766.  The  Effect  of  Permittance  (Capacitance)  in  Alternating- 
current  Circuits  will  now  be  considered.  Just  as  the  effects  of 
inductance  are  much  more  noticeable  in  alternating-current 
circuits  than  in  direct-current  circuits,  so  are  the  effects  of 
permittance  much  more  pronounced  in  alternating  than  in  direct- 
current  circuits.  Whenever  there  is  a  change  in  the  voltage  im- 
pressed across  a  permittor  (condenser),  electricity — that  is 
electrons — is  displaced  in  the  dielectric  of  the  permittor  and 
a  displacement  current  flows. 

In  an  alternating-current  circuit  the  e.m.f.  reverses  in  direc- 
tion periodically  and  is  constantly  changing  in  value.  From  this 
it  would  be  inferred  that  a  displacement  (charging)  current  must 
flow  constantly  in  an  alternating-current  circuit  containing 
permittance — and  such  is  the  case.  Now  note  what  occurs  when 
an  alternating  e.m.f.  is  impressed  across  a  permittor. 

Example. — Figs.  439  and  440  show  an  alternating-current  generator  con- 
nected across  a  i)ermittor  (condenser).     If  the  alternator  is  rotated  at  a 
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unifoim  speed,  in  the  direction  shown,  a  sine-waveform  e.m.f .  will  be  in- 
duced.    During  the  first  90  degrees  (in  Fig.  440)  the  e.m.f.  will  be  in  the 
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Fig.  440. — Showing  how  a  pennittor  (condenser)  "charges"  as  the  impressed 
voltage  increases  and  how  it  "discharges"  when  the  voltage  decreases. 

direction  ABCD.     The  portion  TR  of  the  e.m.f.  sine  curve  of  Fig.  441  shows 
how  this  induced  voltage  increases  during  the  first  90  degrees.     During  this 
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Fio.  441. — Relations  in  altemating-ciurent  circuit  containing  capacity  only. 
The  current  leads  the  applied  e.m.f.  by  90  degrees.  ,  ^  ^ 

period  the  permittor  would  be  "charged"  in  the  direction  BC  (Pig.  440)  as 
indicated  by  TJ  in  the  graph,  Fig.  441.     Also,  during  this  period  the  dielec- 
tric would  be  stressed  in  the  direction  BC 
(Fig.  439  and  440)  and  a  displacement 
current  would  flow  around  the  circuit  in 
the  direction  ABCD, 

During  the  next  quarter  cycle  (Fig. 
440,  //),  the  voltage  RV  (Fig.  441)  is  in 
the  same  direction  as  before  but  it  de- 
creases to  zero.  During  this  90-degree 
period  the  "elasticity"  of  the  dielectric 
asserts  itself  and  the  permittor  "discharges"  as  the  e.m.f.  decreases — and  a 
displacement  current  is  thereby  forced  aroimd  the  circuit  in  the  direction 
DCBA, 


•  Alfemafinf-CtMrtnt 
Generator 

Fio.  442. — Incandescent  lamps  in 
a  circuit  containing  permittance. 
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During  the  next  quarter  cycle  the  e.m.f .  increases  from  zero  to  a  maximum 
{VM)  but  it  is  now  in  the  opposite  direction  (DCBA),  as  shown  in  Fig. 
440,///,  from  that  obtaining  in  the  preceding  half  cycle  TRV.  Now  it  again 
"charges"  the  permittor  but  in  the  opposite  direction.  The  displacement 
current  continues  to  flow  in  the  direction  DCBA. 

During  the  next  quarter  cycle  (Fig.  440,/ F)  the  e.m.f.  decreases  from 
M  to  X  and  the  permittor  "discharges"  in  the  direction  ABCD.  Thus,  an 
alternating  displacement  or  charging  current  (of  the  frequency  of  the  applied 
e.m.f.)  flows  so  long  as  the  alternating  e.m.f.  is  impressed  across  the  per- 
mittor in  spite  of  the  fact  that  the  circuit  is  "open"  in  the  usual  sense  of 
the  word.  If  incandescent  lamps  were  connected,  as  shown  in  Fig.  442,  in 
the  circuit,  they  would  be  lighted  by  the  alternating  displacement  current 
— ^provided  the  permitter  had  sufficient  permittance  (capacitance)  to  allow 
a  current  to  flow  of  sufficient  intensity  to  heat  the  filaments. 

766.  Permittance  (Electrostatic  Capacity)  Effects  Are  of 
Little  Consequence  in  Low-voltage  Circuits. — ^This  follows  from 
the  fact  that,  permittance  effects  occur  only  when  there  is  a 

,  'Daxctkn  of  fetation 

j^Ss^±L  ■  -  -  -    Ju.^    "  I-    -  J L  »    -'■   ■!        'W. 


D^^A  y^Kiprocafkig Piston  "  \    CondereirorPmmtior"-^       C2'£ 

Fio.  443. — Hydraulic  analogy  of  an  altemating>current  circuit  containing  an 
alternating-current  generator  and  a  condenser  or  permittor.  (At  this  instant  the 
permittor  dielectric  is  unstressed.  The  pressxure  or  voltage  is  a  minimum  but  the 
current  is  a  maximum  in  the  positive  direction.) 

change  in  voltage.  The  greater  the  changes  in  voltage,  the 
greater  will  be  the  permittance  effects.  Obviously,  in  low-volt- 
age circuits  the  changes  in  voltage  must  be  relatively  small. 
The  magnitude  of  the  permittance  effects — ^if  the  dielectric  is 
not  "stretched"  beyond  the  rupturing  point — is  proportional 
to  the  applied  voltage.  On  circuits  operating  at  voltages  lower 
than  6,000,  it  is  seldom  that  the  permittance  effects — ^that  is, 
the  charging  or  displacement  current  effects — are  particularly 
noticeable;  they  are,  though  possibly  inconsequential,  present 
nevertheless. 

767.  A  Hydraulic  Analogue  of  the  Action  of  Permittance  in 
an  Alternating-current  Circuit  is  outlined  in  Figs.  443  to  450. 
Fig.  439  illustrates  an  electric  circuit  analogous  to  the  fluid 
circuit!  of  Fig.  443.  Fig.  441  is  a  graphic  record  of  the  phe- 
nomena occurring  in  the  circuit  as  the  pump  is  operated.    The 
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reciprocating  pump,  driven  at  a  uniform  speed,  is  analogous  to 
an  alternating-current  generator.  Its  piston,  by  virtue  of  the 
Scotch-yoke  drive,  has  a  harmonic  longitudinal  motion,  the  speed 
of  which,  as  it  varies  with  the  time,  could  be  represented  by  a 
sine  curve.  When  the  pump  is  driven,  it  impels  in  the  fluid 
circuit  an  alternating  current  of  the  non-compressible,  weightless 
fluid  shown  which  is  analogous  to  electricity. 

The  contrivance  at  the  right  of  Fig.  443  (which  is  shown  en- 
larged in  the  other  illustrations)  is  analogous  to  a  permittor 
(condenser).  It  consists  of  two  chambers  (condenser  plates) 
with  a  cellular  structure  between  them.  The  cellular  structure 
has  partitions  of  an  imaginary  semi-porous  elastic  material  and 
is  analogous  to  a  dielectric  (Art.  92).  The  pipes  and  the  cellular 
structure  are  all  filled  with  the  weightless,  non-compressible 
fluid  just  as  all  matter  is  permeated  with  electricity.  The  pipes 
are  frictionless  (the  circuit  has  no  electrical  resistance). 

As  the  pump  is  driven,  its  piston  displaces  the  fluid  (electricity) 
in  the  circuit — ^first  in  one  direction  as  the  piston  travels  to  the 
right,  then  in  the  other  as  it  travels  to  the  left.  The  fluid  which 
resides  in  the  condenser  when  it  is  in  its  normal  unstressed  con- 
dition (Fig.  443)  has  been  rendered. in  darker  lines — merely  to 
illustrate  how  the  displacement  of  the  fluid  in  the  circuit  occurs. 
The  force  exerted  by  the  piston  on  the  fluid  is  analogous  to  an 
applied  e.m.f.  The  current  (rate  of  flow)  of  fluid  is  analogous 
to  an  electric  displacement  current.  The  quantity  of  fluid 
(gallons)  displaced  is  analogous  to  coulombs.  The  reactive 
pressure  exerted  by  the  elastic  walls  of  the  "condenser"  when 
they  are  stressed  is  analogous  to  the  counter  e.m.f.  due  to  per- 
mittance— which  will  be  further  discussed  in  Art.  758. 

Explanation. — Assume  that  the  pump  starts  from  the  position  of  Fig. 
443  in  which  the  piston  is  at  the  center  of  the  cylinder.  Under  these  normal 
conditions  the  "dielectric"  in  the  permittor  is  unstressed  as  shown  in  the 
enlarged  diagram  of  Fig.  444.  As  the  piston  is  forced  from  this  "neutral" 
position,  it  displaces  fluid  around  the  circuit  and  stretches  the  elastic-walled 
cells  (stresses  the  dielectric).  Follow  the  cycle  of  events  referring  at  the 
same  time  to  the  graphs  of  Fig.  441.  Fig.  445  pictures  the  situation  after 
the  crank  has  been  rotated  through  30  degrees. 

At  the  instant  at  which  the  piston  is  at  the  left  end  of  its  stroke  (Fig. 
446,/F),  the  force  which  it  is  exerting  must  be  a  maximum  because  then 
the  ''dielectric"  is  stretched  as  much  as  is  possible  with  the  arrangement 
shown.  Consequently,  the  dielectric  is  exerting  its  maximum  elastic  reaction 
(counter  e.m.f.).  During  the  next  90  degrees  (Figs.  447,7  to  448,7//),  the 
pressure  exerted  by  the  piston  is  decreasing  and  the  permittor  is  discharg- 
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ing — ^the  dieleotrio  is  ''unstretching"  back  to  the  unstressed  condition. 
During  the  next  90-degree  period  (Figs.  448,7///  to  449,X)  the  permittor 
is  being  "charged"  in  the  opposite  direction.     During  the  following  90-de- 


1-0  Degree  Phone 
Fig.  444. — Analogy  to  the  electric  condenser  or  permittor.     (This  shows  the 
dielectric  unstressed,  the  condition  obtaining  when  there  is  no    difference    of 
potential  across  the  condenser  between  B  and  C7.) 

gree  period  (Figs.  450,X/  to  460,X//)  it  discharges— in  the  opposite  direc- 
tion from  the  former  discharge. 


I-CoTwIiliom  at  the  30  Degree  Phase 


Fig.  445. — Pressure  (voltage)  impressed  by  the  pump  is  in  the  positive  direc- 
tion and  is  increasing  and  the  "dielectric"  is  becoming  "stretched."  The  cur- 
rent (rate  of  flow)  is  also  in  the  positive  direction  and  is  decreasing. 


Note  that  the  phase  relations  in  this  fluid  circuit  are,  as  will  be  shown, 
the  same  as  those  in  an  electric  circuit  containing  permittance  only  (Art. 
763)  on  which  an  alternating  e.m.f.  is  impressed.  At  the  end  of  each  stroke 
the  force  exerted  by  the  piston  is  a  maximum  (Figs.  446,/F  and  449,X) 
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but  at  that  instant  the  piston  is  reversing  in  direction  and  the  fluid  current 
— ^rate  of  flow —  is  zero.  When  the  piston  is  at  the  center  of  each  stroke, 
the  force  impressed  by  it  is  zero  but  the  current  is  a  maximum — ^it  is  flowing 


n-60  Degree  Phase 
(Impresstcf  Pressure  htnfht  PosHin  UtKfkn 
wkI is  Increasina;  Current  kt  Positivt 
Direction  but  DecretKihg) 


17-90  Degree  PhoM 
(kivressetl  Pressure  h  h  the  f^sith^Directkn 
mMlis  9  hdenUmum:  Current  is  Zero) 


Fio.  446. — Showing  conditions  in  *'  Permittor"  at  the  60-  and  90-degree  instants. 

at  the  maximum  rate  because  the  piston  is  then  moving  at  the  maximum 
rate.  Thus,  the  fluid  current  in  this  circuit  leads  the  impelling  force  im- 
pressed by  the  piston  by  90  degrees;  Fig.  441  states  the  situation  graphically. 


V-120  Degree  Phase 
(fmpresseef  Pressure  in  the  fugitive  Direction 
and  Decreasma;  Current  in  Negative 
Direction  ana  IrKreasing) 


^-150  Degree  Phone 
(Impressed  Pressure  in  Positive  Dirwction 
and  Decreasing;  Current  in  the  Negatfye 
Dbection  and  Increasing) 


Fio.  447. — Showing  conditions  in  "Permittor'*  at  the  120-  and  150-dogree 

instants. 


768.  A  Counter  E.m.f.  Is  Exerted  by  Permittance  in  an  Alter- 
nating-current Circuit  in  a  somewhat  similar  manner — but  not  in 
the  same  manner — ^as  an  inductance  produces  a  counter  e.m.f. 
in  an  alternating-current  circuit.     The  dielectric  of  the  permittor 
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when  it  is  being  stressed  during  the  charging  period  resists  the 
stretching  by  virtue  of  its  elastic  properties.  It  therefore,  in 
effect,  exerts  a  counter  e.m.f.     However,  the  permittance  counter 


,^__°Rr , 


^- 180  Degree  Phase  'fflll- 210  Degree  Phase 

(knpnsst^  Pmsure  h  Zero,  Currant  in  the  (Impresseel  Pressure  in  the  Negertive 

Negative  Direction  anti  a  Maximum)  Direction  and  Increasing  Current  in 

Negative  Direction  antf  Decreasing) 

Fio.  448. — Showing   conditions  in   **Permittor"   at  the   180-  and  210-degree 

instants. 

e.m.f.  attains  its  maximum  value,  in  each  cycle,  in  the  positive 
direction  at  the  instant  at  which  inductance  counter  e.m.f. 
attains  its  maximum  value  in  the  negative  direction.     Also, 


a-  240  Degree  Phase 
{Impressetl  Pressure  in  the  Negative  Direction 
anllncreashg;  Current  in  the  Negative 
Direction  and  Decreasing) 


X- 210  Degree  Phase 
(Unpressed  Pressure  in  the  Negative  Direction 
and  is  a  Maximum  i  Current  is  Zero) 


FiQ.  449. — Showing   conditions  in   "Permittor"   at  the  240-  and  270-degree 

instants. 

the  converse  is  true.  A  consideration  of  the  hydraulic  analogy  of 
Figs.  443  to  450  in  connection  with  the  graphs  of  Fig.  441  will 
verify  the  above  statements. 
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759.  The  Counter  E.mJ.  Due  to  Permittance  in  an  Alter- 
nating-current Circuit  Is  Always  Directly  Opposite  in  Phase 
and  Equal  in  Value  to  the  Component  of  the  Impressed  E.mJ. 
Required  to  Neutralize  It,  as  shown  in  Fig.  451.    That  this  must 


11-300  Degree  Ptwise 
(Impmstd  Prtssurt  in  Ntairtrv9  Dkrcfion 
mil  Decmisina;  Currtnt  m  Pt>sitive 
Dirtcfhn  caitf  Incnasing) 


SH- 360  Degree  Phewe 
(ImprasttI  Prrssart  is  Zerv:  Current  in  fht 
PosJthft  tXrection  and  a  Mtnunwn) 


Fio.  460. — Showing  condition  in   •*Permittor"   at  the  300-   and  360-degree 

instants. 

be  true  will  be  evident  from  a  consideration  of  the  foregoing 
statements  of  Arts.  755  and  757.  The  phase  diagram  of  Fig. 
452  indicates  vectorially  these  relations.  Hence  there  is  always 
a  difference  in  phase  of  180  degrees  between  the  counter  e.m.f. 
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Fio.  461. — Showing  how  the  counter  e.m.f.  due  to  permittance  directly  opposes 
the  impressed  e.m.f. 

-gf  permittance  and  the  component  of  the  impressed  e.m.f.  re- 
quired to  neutralize  it,  the  counter  e.m.f.  leading  the  component 
of  the  impressed  e.m.f.  In  a  circuit  containing  only  permittance 
— if  such  a  circuit  could  exist — the  counter  e.m.f.  of  permittance 
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e.m.f.  would  be  directly  opposite  to — would  lead  by  180  degrees 
— and  would  be  of  the  same  value  as  the  impressed  e.m.f. 

760.  To  Compute  the  Counter  E.m.f .  Due  to  Permittance  in 
an  Alternating-current  Circuity  the  e.m.f.  impressed  on  it  being 
of  sine  wave  form,  the  value  of  the  current  in  the  circuit  is  multi- 
plied by  the  quantity:  1  -J-  6.28  XfXC.    Hence  it  follows  that: 

(212)  Ea-IX  (6.28  x/Xc)  (^«^*«) 


P8rm/ftanc§ 


Ccrnpontrttof" 

Requ^ttffo 

CounttrEMF. 
of  Ptnrdttwm 


FiQ.  452. — Showing  relations  of  e.m.fs.  in  a  circuit  containing  resistance  and 

permittance. 


or,  since  2  X  t  =  6.28,  as  it  is  frequently  written: 
^^^^^  ^'  =  2XTX/XC  =  6.28  X7X^ 


(volts) 


Wherein  Ec  =  the  counter  e.m.f.,  in  volts,  exerted  by  the  per- 
mittor.  I  =  the  effective  current,  in  amperes,  in  the  circuit. 
/  =  frequency  of  the  current,  in  cycles  per  second.  C  =  per- 
mittance or  electrostatic  capacity  of  the  circuit,  in  farads.  The 
proof  of  the  above  equation  follows.  Compare  it  with  that  of 
Art.  737  for  the  counter  e.m.f.  of  inductance. 

Proof. — ^The  "charge"  or  displacement  in  a  pennittor  on  which  an  alter- 
nating e.m.f.  is  impressed  changes  from  zero  to  a  maximum  during  the  time 
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of  yi  cycle  (see  Fig.  441).    That  is,   the  charge  changes  Q^  »  C  X  £«. 
(coulombs)  in  1  +  4  X  / sec.     Now: 


(214) 

that  is, 

(216) 

or, 

(216) 

Then  from  the  above: 

(217)  7... 


Charge  »  average  current  X  time 


Qm^CXE^^  7. 
7„. 


4X/ 


C  XE^ 


4X/ 


(coulombs) 


(amp.) 


4  X/XC  X^« 

That  is,  the  average  charging  current  equals  four  times  the  product  of  the 
frequency,  permittance  and  maximum  e.m.f . 

But  (Art.  697): 


(218). 

/»  =  7...  X  1.57 

Then 

(219) 

i«  -4X/XCXB.  X1.57 

substituting 

(220) 

/■  -6.28  X/XC  XB« 

(amp.  max.) 

Then 

(221) 

/  -  6.28  XfXCxB 

(amp.  effective) 

and 

(222) 

fi.-.„„.^... 

(volts  effective 

Fio.  453. — Illustrating  permittive  reactance. 

Since  the  coimter  e.m.f.  exerted  by  a  permittor  must  always  equal  the  e.m.f. 
impressed  it  follows  that: 

(223)  E.  «  6.28  X/XC  (^^^^) 

761,  Permittive  Reactance  is  the  opposition  offered  by  per- 
mittance to  the  flow  of  alternating  current.  It  is  similar  to  but 
not  the  same  as  inductive  reactance  (Art.  747).  It  is  measured 
in  ohms.    The  equation  for  permittive  reactance  is: 

(224)  Z,  =  6:2836  XC  (^^'"^^ 
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Wherein  the  symbols  have  the  same  significance  as  in  the  pre- 
ceding article,  except  that  Xe  ==  permittive  reactance,  in  ohms. 

Example. — ^What  is  the  reactance,  in  ohms,  of  the  permittor  shown  in 
Fig.  453?  What  current  will  flow  in  the  circuit  (assuming  that  it  has  no 
resistance  or  inductance)  there  shown,  when  an  effective  alternating  voltage 
of  110  is  impressed  across  the  permittor?  Solution. — Substituting  in  the 
above  formula  for  reactance: 

^'  "  ^MxfXC  "  6.28  X  60X000063  "  0011304  "  ^^^^ 
Then  the  current,  from  the  Ohm's  law  formula,  would  be: 

^  =  X  ""88   =1-25  amp. 

762.  Permittance  and  Inductance  Produce  Precisely  Opposite 
Effects  in  Alternating-current  Circuits. — That  is,  their  effects 
are  180  degrees  apart  in  phase.  Hence,  one  may  partially  or 
wholly  "neutralize"  the  other.  That  this  should  be  true  follows 
from  the  statements  of  Art.  754.  When  inductance  and  per- 
mittance do  neutraUze  in  a  circuit,  then  if  the  e.m.f.  in  volts, 
impressed  on  the  circuit,  be  divided  by  the  resistance,  in  ohms, 
of  the  circuit,  the  current,  in  amperes,  which  will  flow  in  the 
circuit  will  be  the  result.  When  inductance  and  permittance 
neutralize,  the  resulting  condition  is  called  "Resonance,"  Art. 
769.  If  the  permittive  effect  in  a  circuit  is  greater  than  the 
inductive  effect,  then  the  current  in  the  circuit  will  lead  (Art. 
717)  the  applied  e.m.f.  But  if  the  inductive  effect  is  greater  than 
the  permittive,  then  the  current  will  lag  behind  the  applied  e.m.f . 

763.  The  Current  in  a  Circuit  Containing  Permittance  Only, 
Leads  the  Impressed  E.m.f.  by  90  Degrees  as  shown  in  Fig. 
441  and  451.  When  the  impressed  e.m.f.  is  increasing  in  one 
direction  the  alternating  displacement  current  is  in  the  same 
direction — but  it  is  decreasing  in  intensity.  When  the  impressed 
e.m.f.  is  decreasing  in  one  direction,  the  displacement  current 
is  increasing  but  is  in  the  opposite  direction.  The  displacement 
or  charging  current  "through"  permittance  is  greatest  when  the 
rate  of  change  of  the  impressed  e.m.f.  is  greatest — ^that  is,  at  the 
instants  at  which  the  impressed  e.m.f.  is  zero.  At  the  instants 
at  which  the  impressed  e.m.f.  is  a  maximum  (when  its  rate  of 
change  is  zero)  the  displacement  current  is  zero.  In  any  cycle 
the  displacement  current,  in  a  circuit  containing  only  permit- 
tance, attains  its  maximum  intensity  90  degrees  before  the  im- 
pressed e.m.f.  reaches  its  maximum  intensity,  thus  the  current 
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leads  the  impressed  voltage  by  90  degrees.  The  alternating 
displacement  current  lags  90  degrees  behind  the  counter  e.m.f. 
due  to  permittance  as  shown  in  Fig.  451. 

764.  The  Current  in  an  Alternating-current  Circuit  Contain- 
ing Only  Permittance  (Capacitance)  and  Resistance  Always 
Leads  the  E.m.f.  Impressed  by  the  Generator. — The  amount  of 
lead  is  proportional  to  the  amount  of  permittance  in  the  circuit. 
If  there  is  no  permittance — only  resistance — ^in  the  circuit,  then 
there  is  no  lead  and  the  current  will  then  be  in  phase  with  the 
impressed  e.m.f.  as  shown  in  Fig.  422.  In  a  circuit  consisting 
wholly  of  permittance — such  a  circuit,  however,  is  a  physical 
impossibility — ^the  current  would  lead  the  impressed  e.m.f.  by 
exactly  90  degrees  as  shown  in  Fig.  441.  With  varying  propor- 
tions of  permittance  and  resistance,  the  current  will  lead  the 
impressed  e.m.f.  by  some  amount  between  90  and  0  degrees. 
With  little  permittance  in  the  circuit  there  will  be  little  lead; 
with  much  permittance  in  the  circuit  the  lead  may  be  almost 
90  degrees. 

766.  Power  Is  Not  Lost  in  Impelling  an  Alternating  Current 
in  a  Circuit  Containing  Only  Permittance. — The  reason  is  this: 
All  (see  note  below)  of  the  energy  expended  in  displacing  the 
electricity  in  one  direction  and  in  stressing  the  dielectric  of  the 
permittor,  as  the  voltage  increases  during  the  first  half  alternation 
of  a  cycle,  is  returned  to  the  circuit  during  the  last  half  alterna- 
tion (when  the  voltage  is  decreasing)  as  the  dielectric  exerts  its 
elasticity  and  pulls  back  into  an  unstressed  condition.  Pres- 
sure must  be  exerted  by  the  pump  to  stretch  the  "dielectric" 
cells  and  displace  "electricity"  through  the  "permittor"  from 
the  position  of  Fig.  443  to  that  of  Fig.  446,77.  But  as  the  pump 
pressure  decreases  (Figs.  447,F  to  448, FJI),  the  stressed  "di- 
electric" returns  to  its  normal  condition  forcing  the  "electricity" 
back  again.  However,  power  is  required  to  overcome  the  fric- 
tional  resistance  (if  there  is  any)  that  the  pipe  circuit  offers 
to  the  current  of  water  as  it  surges  back  and  forth.  Similarly, 
power  (watts)  is  expended  in  overcoming  the  resistance  (ohms) 
that  any  conductor  in  a  permittor  circuit  offers  to  the  current 
displaced  in  the  circuit  by  virtue  of  the  permittor.  The  power 
loss  in  any  conductor  in  which  any  current  flows  is  always 
PXR  (Art.  167). 

Note. — It  is  not  strictly  true  that  oH  of  the  energy  expended  in  displac- 
ing the  electricity  in  charging  a  permittor  is  returned  to  the  circuit  when  the 
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permittor  discharges.  There  are  small  energy  losses,  which  occur  when  an 
alternating  current  "flows  through"  a  permittance,  called  "Dielectric 
Hysteresis  Losses,"  These  may  be  thought  of  as  representing  the  energy 
wasted  in  a  sort  of  intermolecular  friction  which  occurs  when  the  dielectric 
material  is  "stretched"  and  then  "returns"  to  its  original  condition.  The 
exact  nature  of  these  losses  is  not  clearly  understood.  In  any  event,  dielec- 
tric hysteresis  losses  are  relatively  very  small  and  consequently  are  of  little 
importance  in  ordinary  practical  work. 

766.  Elastance  is  the  name  which  has  been  given  to  the  recip- 
rocal of  permittance.  Just  as  permittance  may  be  measured 
in  farads,  elastance  may  be  measured  in  darafs.  A  permittor 
which  has  a  permittance  of  10  farads  would  have  an  elastance 
of :  1  -^  10  =  0.1  darafs.  A  permittor  having  a  permittance  of 
0.5  farads  would  have  an  elastance  of :  1  -^  0.5  =  2  darafs.  The 
relation  between  permittance  and  elastance  is  analogous  to  that 
between  conductance  and  resistance  (Art.  130)  and  permeance 
and  reluctance  (Art.  238). 

Note  that  "daraf  "  is  "farad''  spelled  backwards. 
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767.  Susceptance  is  the  name  which  has  been  given  to  the 
reciprocal  of  reactance.  Just  as  the  reactance  of  a  circuit  is  a 
measure  of  the  difficulty  encountered  in  forcing  an  alternating 
current  through  the  circuit,  susceptance  is  a  measure  of  the  ease 
with  which  the  current  may  be  forced  through  the  circuit. 
Reactance  is  a  quantity  similar  to  resistance  (Art.  747).  Sus- 
ceptance is  one  similar  to  conductance  (Art.  130)  and  it  is  like- 
wise measured  in  mhos.  A  circuit  having  a  reactance  of  10 
ohms,  has  a  susceptance  of:  1  4-  10  =  0.1  mho.  A  circuit 
having  a  reactance  of  0.5  ohms  has  a  susceptance  of  1  -^  0.5  = 
2  mhos. 

768.  The  Net  Reactance  of  Any  Circuit  is  Equal  to  the  Sum 
of  Its  Permittive  Reactance  and  Its  Inductive  Reactance. — 

^ducti)/t  fi9actanc0 ,      /f^ermiTTiT/e /ftactdnc*    .'Ptrrmftivt  fieeKtance 
/50ftms-v.  »  7  Ohms  ^ZJOhms 


I-  Excess  of  Inductive  Reactance  I- Excess  of  Permittive  Reactance 

Fig.  454. — niustrsting  addition  of  reactances  in  series. 

Since  these  two  reactances  oppose  one  another  the  sum  must  be 
their  algebraic  sum.  Inductance  causes  the  current  to  lag  behind 
the  impressed  e.m.f.;  permittance  causes  the  current  to  lead 
the  impressed  e.m.f.,  hence  if  there  is  more  permittive  reactance 
in  a  circuit  than  inductive  reactance  the  current  will  lead,  and 
vice  versa.    It  follows  that: 

(225)  X  =  Xi-  Xa  (ohms) 

Where  X  =  the  total  reactance  of  the  circuit,  in  ohms.  Xi  = 
the  inductive  reactance  in  the  circuit,  in  ohms.  Xe  ==  the 
permittive  reactance  in  the  circuit,  in  ohms. 

Note. — Inductive  reactance  is  usually  of  most  importance  in  circuits 
except  when  the  voltages  involved  are  very  high. 

Example. — The  total  reactance  of  the  circuit  (which  contains  only  in- 
ductance and  permittance)  of  Fig.  464  =  Xf—  Xe«=15  —  7  =  8  ohms. 
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Example. — ^The  reactance  of  the  circuit  of 'Rg.  454,7i  =»  Xz  —  Xc  = 
6  —  23  =  —  17  ohms.  The  minus  sign  preceding  the  value  17  indicates 
that  the  resultant  reactance  is  permittive,  hence  will  cause  the  current  in 
the  circuit  to  lead  the  impressed  e.m.f. 

769.  Resonance  is  that  condition  which  occurs  in  an  alter- 
nating-current circuit  when  the  inductive  reactance  in  the  cir- 
cuit is  just  equal  to,  and  hence  neutralizes,  the  permittive 
reactance.  Under  these  conditions  the  current  in  the  circuit  is 
limited  only  by  the  resistance  and  may  therefore  attain  enormous 
values.     Obviously,  resonance  occurs  when: 

(226)  6.28X/XL  =  g^3^^^^ 
It  follows  that  when  resonance  occurs: 

(227)  LXC  =  ^ 


(6.28  X/)* 


or 


(2=^«>  ^  =  6:28^V^IO<^  (^'^^"^'^^^^ 


C 


"Appliti  L.M.F. 

r< Xc H 


|< -^L ->«- -    -^  -. 


I      jCondvntr  or  Hrmiftur 


dOhms.  4  Ohms 

Fig.  455. — Inductive  reactance,  permittive  reactance  and  resistance  in  series. 

Obviously,  resonance  can  occur  in  a  given  circuit  only  when 
an  e.m.f.  of  a  certain  frequency,  /,  above,  is  impressed  on  the 
circuit. 

Example. — If  an  e.m.f.  of  such  a  frequency  were  impressed  across  the 
circuit  of  Fig.  455  so  that  the  permittive  reactance  of  Xc  just  equalled  the 
inductive  reactance  of  Xi  then  the  current  through  the  circuit  would  be 
limited  only  by  the  resistance  R. 

770.  Admittance  is  the  name  which  has  been  given  to  the 
reciprocal  of  impedance  (Art.  748)  and  it  is  expressed  in  mhos. 
The  relation  between  impedance  and  admittance  is  similar  to  that 
between  resistance  and  conductance.  A  circuit  which  has  an 
impedance  of  40  ohms,  has  an  admittance  of:  1  -v-  40  =  3^o 
mho  =  0.025  mho.  A  circuit  which  has  an  impedance  of  0.2 
ohm  has  an  admittance  of :  1  -^  0.2  =  5  mhos.  In  the  problem 
of  Fig.  456,  which  will  be  discussed  later,  the  admittance  of  the 
two  impedances  in  parallel  is  0  8  mho. 
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771.  The  Impedance  of  a  Circuit  Containing  Only  Resistance 
and  Permittive  Reactance  can  be  readily  computed  by  drawing  a 
vector  diagram  as  shown  at  Fig.  457,11.  Although  resistance 
and  pennittive  reactance  may  be  so  associated  in  a  circuit  that 
it  is  impossible  to  separate  them  physically,  for  the  piu-poses  of 


c 


•  'fitC^XOCtlf  of  /l  I  jimi<>  Kt 

arcuil  A*  ' 

Fia.  456. — Graphio  method  of  determining  joint  impedance  of  two  impedances 

in  parallel. 

computation  it  may  be  assumed  that  they  are  separate  proper- 
ties, as  suggested  at  J.  On  the  basis  of  the  explanation  of  per- 
mittive reactance  which  has  been  hereinbefore  given,  Art.  761, 
it  can  be  shown  that: 


(229) 


Z  =  \/R'  +  X,* 


(ohms) 


ISOhms    >iO 


1-  CIrcutt 


FiGT.  457. — Indicating  method  of  computing  impedance  of  resistance  and  permit- 
tive reactance. 


Example. — To  compute  the  impedance  of  the  circuit  of  Fig.  457,  I. 
The  line  OB  ia  drawn  vertically,  proportional  in  length  to  9  ohms,  to  repre- 
sent the  permittive  reactance.  It  is  drawn  downward  to  indicate  that 
permittive  is  the  opposite  of  inductive  reactance.  Then  the  line  OA,  to 
represent  the  resistance,  is  laid  off  at  right  angles  to  OB,  AB  will  then  be 
proportional  in  length  to  the  impedance  of  the  circuit,  which  is  17.5  ohms. 
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The  angle  0,  31  degrees  in  this  case,  is  the  angle  by  which  the  current  in  the 
circuit  will  lead  the  impressed  e.m.f. 

772.  The  Impedance  of  a  Circuit  Containing  Resistance,  In- 
ductance and  Permittance  in  Series,  may  be  readily  computed. 
If  one  piece  of  apparatus  or  a  circuit  contains  resistance,  in- 
ductance and  permittance,  it  can  be  assumed  that  each  of  these 
is  a  separate  quantity  as  shown  in  Fig.  455.  The  permittive 
reactance,  Xc,  is  first  subtracted  from  the  inductive  reactance 
Xi  which  gives  the  reactance  X.  Then  this  reactance  is  com- 
bined with  the  resistance  to  obtain  impedance,  hence: 

(230)  Z  -  Vi2»+(-X:i-X^«  (ohms) 
or 

(231)  2  =  \/i2»  +  -X«  (ohms) 

Example. — ^What  is  the  impedance  of  a  piece  of  apparatus  or  a  circuit 

(Fig.  455)  which  has  a  resistance  of  17 
-^  ohms,  an  inductive  reactance  of  9  ohms 
and  a  permittive  reactance  of  4  ohms? 
>'»  Solution. — It  may  be  assumed  that 
^  I  the  reactances  and  resistances  are  sepa- 
?|  rate  quantities,  as  shown  in  Fig.  455. 
^1  Then  the  vector  diagram,  Fig.  458,  is 
\\  constructed.  Draw  OR  17  units  long 
1 1  to  represent  the  resistance.  Draw  OL 
^  r*^   9  units  long  to  represent  the  inductive 

•cu      .iro     a  1  ^'        «     -  ui  U     /  reactance.     Draw  OC  vertically  down- 
FiG.   468. — Solution  of  problem  of  ,  ^       ..    ,         .  ,    ., 

[Fig.  455.]  msxa  4  units  long  to  represent  the  per- 

mittive reactance.  The  total  reactance 
is  the  difference  between  OL  and  OC,  or  OX,  which  is  5  units  long.  That 
is  Xi  »  5  ohms.  Then  RX  is  drawn  and  it  will  be  proportional  in  length 
to  the  impedance  of  the  circuit,  17.7  ohms  in  this  case. 

Note. — For  a  circuit  containing  only  resistance  and  permittance — ^no 
inductance — ^it  follows,  where  1  +  (6.28  X  /  X  C)  —  permittive  reactance, 
(Art.  761)  that:  

(232)  z,,^{^^^^^-^y 

For  a  circuit  containing  resistance,  inductance  and  permittance: 

(233)  Z^^\R^  +  [(6.28  X/  X  L)  -  (^,^^^j^-)]' 

TIZ.  The  Joint  Impedance  of  Several  Impedances  in  Series 
can  be  computed  either  graphically  or  arithmetically  as  shown  in 
Fig.  459.  It  is  necessary  to  know  the  resistance  and  reactance 
of  each  component  to  obtain  their  joint  impedance  because  the 
arithmetical  sum  of  the  individual  impedances  of  the  com- 
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ponents  is  not  equal  to  their  joint  impedance.  The  angle  ^  is 
the  angle  of  lag  of  the  circuit — the  angle  by  which  the  current 
will  lag  behind  the  impressed  e.rni.  The  cosine  of  this  angle 
is,  as  will  be  shown  later,  the  power-factor  (Art.  783)  of  the 
circuit. 


ToUff  40  Ohm  WOhm 

Total  impechnct  -  4wTs^'X  Ohms 

I- Arithmetical  Sohition 


■-—50  Ohns  mtm  tnfiUHttct-" •—'•'• 
I*Circu)t  Diagram 

X 

RttKftfK9 

rOOhms       *ii(F  4  70* '14.1  Otms 
15  Ohms       4W7Bi  '  ».0  Ohms 


(j^torDnftom) 
ScmlehOhms^  \ 

Fio.  469. — Method  of  determining  the  joint  impedsnoe  of  several  impedances  in 


774.  The  Method  of  Computing  the  Joint  Impedance  of  a 
Resistance  and  an  Impedance  in  Parallel  is  illustrated  in  Fig. 
460.  The  resistance,  AiSi,  shown  at  J  is  10  ohms;  the  imped- 
ance, AiCi,  is  12.8  ohms.  The  impedance  of  12.8  ohms  was 
computed  graphically  as  shown  at  III.  The  Une  A'B'  {IV)  is 
drawn  horizontally,  and  in  length  proportional  (to  any  convenient 
scale)  to  the  reciprocal — conductance  (Art.  130) — of  the  resistor. 
Now  A'C  is  drawn  parallel  to  AC  and  proportional  (to  the  same 
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scale  as  that  used  for  A'B')  to  the  reciprocal  of  the  impedance 
AC.  That  is,  A'C  represents  the  admittance  (Art.  .770)  of 
A\Ci.  The  resultant  A'D'  will  be  proportional  in  length  to  the 
joint  admittance  of  AiBi  and  AiCi  in  parallel.  That  is,  A'D' 
will  be  proportional  to  the  reciprocal  of  the  joint  impedance. 

To  obtain  the  joint  impedance,  compute  the  reciprocal  of  the 
value  represented  by  A'D',  which,  in  the  example  illustrated  is: 
1  -f-  0.168  ^  5.95.  Hence,  the  joint  impedance  of  AiBi  and 
A  iCi  is  5.95  ohms.  The  angle  <l>  in  III  is  the  angle  by  which  a 
current  in  the  circuit  L1L2  would  lag  behind  the  impressed 
e.m.f. 

775.  To  Compute  the  Joint  Impedance  of  Two  Impedances  in 
Parallel,  the  method  delineated  in  Fig.  456  may  be  used.    First 


BK^nofl  10  Ohms  'ik'OilOO  mho 
Rmproui  CLMOhms  -  sib  *5-^  fffo* 


ResistBKK*    , 
I-Resistonca  of 
AiBi 


A',      Rtskttmcf 
K-lmpedance  of  Ai  C» 


17- Joint  ImpeQianc* 

FiQ.  460. — Graphic  method  of  computing  the  joint  impedance  of  resistance  and 
impedance  in  parallel. 

draw  (as  described  in  Art.  749),  to  some  convenient  scale,  the 
impedance  triangles  7'  and  IF  for  impedances  /  and  II.  Then, 
draw  A'B\  parallel  to  AB,  proportional  (to  any  scale)  to  the 
impedance  AiJSi,  and  draw  A'C,  parallel  to  AC,  proportional 
(to  the  same  scale)  to  the  impedance  AiCi.  The  resultant 
A'D'  will  be  proportional  to  the  reciprocal  (admittance)  of  the 
joint  impedance  of  A\Bi  and  A\Ci.  To  obtain  the  joint  im- 
pedance, compute  the  reciprocal  of  the  value  represented  by 
A'D\  which  in  the  example  shown  is:  1  -5-  0.8  =  1.25.  There- 
fore, the  joint  impedance  of  the  two  impedances  is  1.25  ohms. 
The  angle  <l>  is  the  angle  by  which  the  current  in  leads  Ai  and 
B\  lags  behind  the  e.m.f.  impressed  by  the  generator. 

776.  Impedance  of  Motors  and  Transformers  and  Energy 
Resistance  are  phenomena  which  should  be  understood.    In  a 
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direct-current  circuit  which  does  not  contain  a  motor  or  other 
source  of  counter  e.m.f.,  the  current  by  Ohm's  law  (Art.  134) 
always  equals  the  impressed  e.m.f.  divided  by  the  resistance 
of  the  circuit.  In  alternating-current  circuits,  as  has  been  shown, 
this  relation  seldom  exists  because  the  current  in  such  circuits 
is  limited  not  only  by  the  resistance  of  the  circuit  but  also  by  a 
counter  e.m.f.  of  self-induction  (Art.  479).  In  an  alternating- 
current  circuit  with  which  no  iron  (transformers  or  motor)  is 
associated,  the  current  with  a  given  impressed  e.m.f.  is  determined 
by  the  impedance  (Art.  748)  of  the  circuit.  That  is,  the  current 
is  determined  by  the  sum  of  the  resistance  and  reactance. 

However,  in  circuits  in  which  are  included  transformers,  motors 
or  other  devices  which  convert  electrical  energy,  the  energy 
imparted  to  the  circuit  is  obviously  expended  in  other  ways  than 
by  merely  overcoming  resistance.     In  such  circuits  the  current 


DrivmfL 


i-Apparatuft  DMgram 
Fio.  461. — ^Illustrating  impedance  of  motor, 


I     tPffnL 

LRtsntmeg 
■-^3  Ohm J 

I- Vector  DtogrAm 


is  not  equal  to  the  impressed  e.m.f.  --^  (resistance  +  reactance). 
The  e.m.f.  impressed  on  a  motor  or  transformer  may  be  con- 
sidered as  comprising  two  components:  (1)  An  induction  com- 
ponent which  overcomes  the  counter  e.m.f.  of  self-induction  of 
the  circuit.  (2)  An  energy  component  which  does  actual  work  in 
making  the  motor  or  transformer  deliver  energy  and  in  forcing 
current  through  the  resistance  of  their  windings. 

Example. — Consider  a  motor  (Fig.  461)  which  is  driving  a  load.  (Con- 
ditions similar  to  those  to  be  described  would  obtain  for  a  loaded  trans- 
former). If  the  e.m.f.  (100  volts)  impressed  on  the  motor  be  divided  by  the 
current  at  some  certain  load,  the  result  will  be  the  impedance,  in  ohms, 
of  the  motor  at  that  load.  Assume  100  volts  impressed  and  a  current  of 
8  amp.  Then  the  impedance  of  the  motor  will  be:  100  h-  8  =  12.5  ohms. 
Assume  the  angle  of  lag  of  the  current  to  be  42  degrees  (power-factor  = 
74  per  cent.)  and  draw  the  impedance  triangle  as  indicated  at  //.  The 
resistance  of  the  motor  from  this  triangle  would  appear  to  be  9.3  ohms. 
Actually,  the  resistance  of  such  a  motor  would  be  less  than  2  ohms.     Hence 
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the  balance  of  this  apparent  resistance  of  9.3  ohms  or  at  least  7.3  ohms  would 
represent  not  resistance  but  actual  work  being  done  by  the  motor  in  pulling 
the  load. 

This  apparent  resistance  (9.3  ohms),  representing  partly  real 
resistance  and  partly  the  doing  of  work,  may  be  called  energy 
resistance.  Hence,  in  simple  circuits  without  iron,  such  as  over- 
head line  and  interior-mining  circuits,  the  components  of  the 
impedance  of  the  circuit  consist  only  of  reactance  and  resistance. 
But  if  transformers  or  other  devices  containing  iron  are  intro- 
duced, then  the  apparent  impedance  is  composed  of  reactance 
and  energy  resistance. 

Note. — Impedance  of  isolated  circuits  without  iron,  like  overhead  lines, 
is  practically  the  same  for  all  current  strengths — ^but  in  circuits  with  iron, 
impedance  may  vary  with  the  current.  Voltage  drop  in  an  electrical  energy 
transmission  circuit  can  not  be  correctly  estimated  on  the  basis  of  the  line 
impedance  alone,  since  the  drop  may  not  correspond  in  phase  with  the  total 
impedance  of  the  circuit. 
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POWER  AND  POWER-FACTOR  IN  ALTERNATING- 
CURRENT  cmcmTS 

777.  Power  in  Altemating-ctirrent  Circuits  is  determined  by 
applying  the  same  general  laws  (Art.  164)  which  relate  to  direct- 
current  circuits.  The  power  in  any  electric  circuit  (alternating- 
current  or  direct-current)  is,  at  any  instant,  always  equal,  in 
watts,  to  the  current  at  that  instant  multiplied  by  the  voUage 
(at  that  instant)  which  impels  the  current.    That  is: 

(234)  Pi  =^  liXEi  (watts) 

Wherein  Pi  =  instantaneous  power  of  the  circuit,  in  watts  at 
a  given  instant,  /»•  =  instantaneous  current  in  the  circuit  in 
amperes  at  the  same  instant,  Ei  =  instantaneous  voltage,  in 
volts,  at  the  same  instant,  it  being  understood  that  this  E  repre- 
sents the  available  or  energy  voltage  which  actually  impels  the 
current  at  the  given  instant.  In  a  direct-current  circuit,  con- 
taining no  source  of  counter  e.m.f.  the  voltage  impressed  on  the 
circuit  (except  during  the  transient  intervals.  Art.  481)  is  the 
voltage  which  impels  the  current.  In  an  alternating-current 
circuit,  the  voltage  impressed  on  the  circuit  may  or  may.not  be 
the  one  which  impels  the  current:  (1)  If  the  circuit  contains  no 
inductance  nor  capacity,  that  is,  if  the  current  is  in  phase  with 
the  impressed  e.m.f.  (Art.  732),  the  impressed  voltage  is  the  one 
which  impels  the  current.  (2)  If  the  circuit  contains  inductance 
or  permittance  (capacity)  or  both,  that  is,  if  the  current  is  not 
in  phase  (Art.  685)  with  the  impressed  e.m.f .,  some  voltage  other 
than  the  impressed  voltage  will  impel  the  current. 

778.  Power  Taken  by  an  Alternating-current  Circuit  in  Which 
the  Current  Is  in  Phase  with  the  Impressed  E.mJ.  (this  condition 
obtains  in  a  circuit  containing  resistance  only)  is  equal  to  the 
product  of:  voUs  X  amperes.    That  is: 

(235)  P  =  EbXIb  (watts) 
and 

(236)  ^*  =  f^  (volts) 
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also 

(237) 


^"^Ye 


(amp.) 


Wherein  P  =  power  taken  by  the  circuit,  in  watts..  Ee  =  e.m.f. 
eflfective,  impressed  on  the  circuit,  in  volts.  Is  =  current, 
efifective,  in  the  circuit,  in  amperes.  Fig.  462  illustrates  condi- 
tions in  such  a  circuit.  If  the  current  at  any  instant,  for  ex- 
ample OA,  be  multiplied  by  the  impressed  e.m.f.  {OB)  at  the 
same  instant,  then  product  (OC)  will  be  the  power  at  that  instant. 
By  making  this  computation  for  a  number  of  different  instants 
in  the  cycle,  a  corresponding  number  of  points  in  the  power 
curve  may  be  obtained.    The  power  curve  can  then  be  plotted 


Resisteaict 


I-Re«i$toinc«  Vector  Diogmm 


EntrffyCMF. 


tt-Vbltoge  Vector  Diagram 
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Fio.  462. — Illustrating  conditions  for  100  per  cent,  power-factor.     Circuit  com 
posed  wholly  of  resistance  and  current  is  in  phase  with  impressed  e.m.f. 

through  them  as  shown.  The  total  power  taken  by  the  circuit 
during  any  alternation  is  proportional  to  the  area  (shaded  in  the 
illustration)  within  the  power  loop  of  that  alternation. 

Note. — ^All  of  each  power  loop  will  lie  above  the  zero  reference  line — 
that  is  the  power  will  be  positive — because  when  two  +  quantities  or  two 
—  quantities  are  multiplied  together  the  result  will  be  a  +  quantity.  By 
positive  power  is  meant  power  which  is  delivered  by  the  generator  (or  other 
source  of  e.m.f.)  to  the  circuit.  Sometimes  a  circuit  may,  as  will  be  shown, 
deliver  power  back  to  the  source  of  power  which  feeds  it;  such  is  called 
negative  power. 

Example. — What  power  is  being  taken  by  the  incandescent-lamp  load 
of  Fig.  463,7  (all  incandescent-lamp  loads  are  practically  non-inductive) 
which  is  being  served  by  an  alternating-current  generator?    The  voltmeter 
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reads  200  volts  and  the  ammeter  reads  24  amp.  Solution. — From  the 
above:  P  =>  E  X  I,  hence  P  «  200  X  24  =  4,800  waUa  or  4.8  kw.  There- 
fore, the  generator  is  delivering  4.8  kw. 

Rkample. — ^The  alternating-current  wattmeter  of  Fig.  463,7/  indicates 
that  the  non-inductive  iron  is  taking  660  watts.  The  current,  as  shown 
by  the  ammeter,  is  6  amp.  What  is  the  voltage  impressed  across  the  iron? 
Solution. — Aa  outlined  above,  ^  =  P  -^  /,  hence  E  =  660  -J-  6  =  110 
voUSf  which  is  the  pressure  impelling  the  current  in  the  iron. 

Example. — The  incandescent  lamp  of  Fig.  463,7/7  is  taking  0.5  amp. 
at  110  volts.  What  is  its  power  consumption?  Solution. — P  =  E  X  I 
=  110  X  0.5  =  55  waUs. 

779.  Power  Taken  by  an  Altemating-K^urrent  Circuit  in  Which 
The  Current  Is  Not  in  Phase  with  the  Impressed  E.m.f.  will 
not,  as  will  be  shown,  be  equal  to  the  product  of  impressed  voUs 
X  amperes.  In  any  alternating-current  circuit  which  contains 
inductance,  and  consequently  reactance,  the  current  lags  (Art. 


k-'AIternafing- Current  Generator 


Incandescent  Lamps-.^ 


11 -Electric  Iron 


m- Incandescent  Lamp 


Fig.  463. — Examples  in  computing  alternating-current  power  and  power  factor. 

716)  behind  the  impressed  e.m.f.  Consider  Fig.  464  illustrating 
conditions  in  a  circuit  which  has  just  enough  reactance  that  the 
current  lags  behind  the  impressed  e.m.f.  by  30  degrees.  If  the 
instantaneous  currents  at  the  different  instants  are  multipUed 
by  the  instantaneous  e.m.fs.  at  the  same  instants  and  a  power 
curve  is  plotted  through  points  representing  these  products, 
it  will  have  the  form  shown  in  7F.  Note  that  a  portion  of  the 
power  curve  iV^i  and  Ni  lies  below  the  zero  line,  because  when  a 
+  quantity  is  multiplied  by  a  —  quantity  a  —  quantity  results. 
The  areas  of  these  little  loops  (iV^i  and  Ni)  represent  negative 
power  or  power  which  is  returned  to  the  generator  by  the  line 
and  hence  is  not  available  for  doing  work  in  the  circuit.  Note 
that  no  power  is  required  to  "overcome''  reactance.  The  vector 
diagrams  I  and  II  show  the  voltage  and  resistance  relations,  the 
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angle  of  lag  being  the  same  in  these  as  in  the  graph.  It  is  evident 
then  from  a  consideration  of  Kg.  464  that  the  power  in  an  induc- 
tive alternating-current  circuit  is  not  equal  to  the  product  of 
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n-CircuH 

FiQ.  464. — niuBtrating  conditions  for  86.5  per  cent,  power  factor.     Current  lags 
30  degrees  behind  impressed  e.m.f. 

effective  voUs  X  effective  amperes  because  this  product  would  not 
take  into  consideration  the  negative  power  (Ni  and  Ni,  Fig. 
464)  which  is  not  available  for  doing  work  in  the  circuit. 
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Fig.  466. — Showing  how  A.C.  power  is  proportional  to  the  product  of  avaUabU 
or  energy  e,mj.  and  current. 


780.  The  Product  of  the  Available  or  Energy  E.mi.  Times  the 
Current  Gives  Real  Power. — Thus,  in  Fig.  465,  if  the  instan- 
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taneous  enei^  or  active  e.m.f .  at  different  instants  be  multiplied 
by  the  instantaneous  currents  at  different  instants,  the  products 
will  be  the  instantaneous  power  at  those  instants.  Points  can 
thus  be  determined  through  which  the  power  curve  can  be  com- 
pleted as  shown  at  //.  The  shaded  areas  within  loops  repre- 
sent, and  are  proportional  to,  the  power  taken  by  the  circuit 
because  the  current  is  always  in  phase  with  the  energy  or  active 
e.m.f .  The  areas  of  the  loops  in  Fig.  465,7/,  are  equal  to  the 
shaded  areas  above  the  reference  line  in  Fig.  464. 

Note. — Ordinarily  in  alternating-current  circuits  the  value  of  the  energy 
e.m.f.  is  not  known;  only  the  values  of  the  impressed  e.m.f.  and  the  current 
are  known.  But  with  these  two  values,  and  knowing  the  angle  by  whi<*,h 
the  current  lags  behind  the  impressed  e.m.f.,  the  power  taken  by  the  circuit 
can  be  readily  computed,  as  will  be  shown. 

781.  The  Computation  of  the  Power  Taken  by  an  Inductive 
Circuit  may  be  made  by  using  a  vector  diagram  or  a  phase  dia- 
gram, Fig.  466.  The  e.m.f.  im- 
pressed on  any  inductive  circuit 
is  "used  up"  in  two  ways  (Art. 
745):  First,  to  impel  the  cur- 
rent in  the  circuit  through  its  re- 
sistance and  to  force  the  current 

to  do  work;  this  part  of  the  im-        I  ^^        umoJrrwt-' 

pressed  e.m.f.  represents  actual  Fiq.  466. — Phase  diagram  show- 
power  (see  also  Fig.  431).  Sec-  '^^^'^^l  ''"'*'*'°'  '^  "^  ^**"'=- 
ond,  to  overcome  or  neutralize  the 

counter  e.m.f.  of  induction  in  the  circuit;  this  portion  of  the  im- 
pressed e.m.f.  does  not  represent  actual  power.  Thus  (Fig. 
466)  if  £  be  laid  out  to  scale  to  represent  the  eflfective  impressed 
e.m.f.,  it  may  be  resolved  into  two  components:  (1)  An  induc- 
tion component  Ei,  which  merely  neutralizes  the  counter  e.m.f. 
of  self-induction  and  hence  does  no  real  work  and  (2)  the  energy 
component  Ea,  which  impels  current  through  resistance  and  also 
does  work.  The  energy  component  must  be  in  phase  with  the 
current,  hence  lags  behind  the  impressed  e.m.f.  E  by  the  angle 
^.  The  vectors  Ei  and  Ea  will  be  at  right  angles  to  one  another 
because  the  current  always  lags  90  degrees  behind  the  com- 
ponent of  the  voltage  which  neutralizes  the  counter  e.m.f.  of 
self-induction.  Since  Ea  is  the  only  component  available  for 
doing  work,  it  follows  that  the  average  power  taken  by  the  cir- 
cuit is  equal  to  the  product  of  effective  current  X  the  available 
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or  energy  component  of  the  effective  e.m,f.  (of  the  component  of  the 
e.m.f.  in  phase  with  the  current)  hence: 

(238)  P  ^  EaXI  (watts) 
but 

(239)  Ea  =  E  X  cos  <f>  (volts) 
hence 

(240)  P  =  IXEXco8  4>  (watts) 
or 

(241)  P  =  (I  XE)  Xco8<l>  (watts) 

Wherein  P  =  the  power  in  watts  taken  by  the  circuit.  /  = 
efifective  current  in  the  circuit.  E  =  eflfective  e.m.f.  impressed 
on  the  circuit.  Cos  <f>  =  cosine  of  the  angle  by  which  the 
current  lags  behind  the  impressed  e.m.f. 


B-? 


1-  Notation  JL- 30  Deg.  Baso  Angle 

Fig.  467. — The  cosine  and  problems  involving  its  application. 


Note. — Cos  is  the  abbreviation  for  cosine.  If  the  length  of  the  hypot- 
enuse of  any  right-angled  triangle  be  multiplied  by  the  value  called  the 
cosine  of  the  angle  (base  angle)  the  length  of  the  base  will  be  the  result. 
That  is  (Fig.  467,/)  B  ^  C  X  cos  ift.  Obviously,  there  is  a  different  cosine 
value  for  every  different  angle.  For  example,  cos  30  degrees  =  0.866,  cos 
45  degrees  =  0.707,  cos  60  degrees  =»  0.5(X),  etc.  Complete  tables  of  cosine 
values  are  given  in  handbooks  and  trigonometries.  An  abbreviated  table 
is  given  in  the  author's  American  Electricians'  Handbook.  See  for 
comparison  Art.  516  in  regard  to  sines. 

Example. — What  is  the  length  of  base  of  the  triangle  of  Fig.  467,//? 
Solution. — From  a  table  of  trigonometric  functions  it  is  found  that  cos 
30  degrees  =  0.866,  hence  B  =-  C  X  cos  4>  =^  39.3  X  0.866  =  34,  which  is 
the  length  of  base. 

Example. — The  cos  of  45  degrees  =  0.707,  hence  the  length  of  base  of 
///  =  28.2  X  0.707  =  20. 

Example.— The  cos  of  60  degrees  =  0.500.  Hence,  in  /F,  B  =  C  X  cos 
<^  =  23  X  0.5  =  11.5. 

p]x AMPLE. — In  the  circuit  shown  in  Fig.  438  the  relation  of  reactance  to 
resistance  is  such  that  the  energy  e.m.f.  as  shown  at  ///,  lags  just  30  degrees 
(as  may  be  determined  by  constructing  the  impedance  or  voltage-vector 
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diagrams,  Art.  749)  behind  the  impressed  e.m.f.  Now  cos  30  degrees  » 
0.866.  Hence  P=«^X/Xco««  =  100  X  50  X  0.866  =  4,330  watts  = 
4.3  kw.,  which  is  the  power  being  taken  by  the  circuit  shown. 

Example. — Referring  to  Pig.  437  the  lag  angle  <^  =  60  degrees.  Cos  60 
degrees  =  0.50.  Therefore,  the  power  being  taken  by  this  circuit  «=  P  = 
E  X  /  X  cofi  «  =  100  X  50  X  0.60  =  2,600  watts  «  2.5  kw. 

Example. — Similarly,  in  the  circuit  of  Fig.  436,  ^  =  75  degrees,  Cos 
75  degrees  =  25.9.  Hence,  in  this  circuit,  P  =  J5X/Xco«^  =  100X 
50  X  25.9  =  1,295  watts  =  1.3  kw. 

Note. — ^In  all  of  the  last  three  examples  the  current  and  the  impressed 
e.m.f.  are  the  same  but  the  power  taken  by  the  circuits  decreases  as  their 
inductances — or  reactances — increase. 

782.  Power-factor  is  the  name  given  to  that  quantity  by  which 
the  product  of  eflfective  volts  and  eflfective  amperes  in  a  circuit 
must  be  multiplied  to  obtain  the  true  power  in  watts  taken  by 
the  circuit.  From  equation  (240)  above  it  is  evident  that  (for 
a  circuit  containing  inductance)  the  power-factor  is  equal  to  the 
cos  of  the  angle  by  which  the  current  lags  behind  the  impressed 
e.m.f.  That  is,  power-factor  =  cos  4>.  Hence,  the  greater  the 
amount  of  inductance  in  a  circuit,  the  lower  will  be  the  power- 
factor.  Power-factor  is  expressed  as  a  percentage.  Refer  to 
the  author's  American  Electricians'  Handbook  for  a  further 
discussion  of  the  subject  of  power-factor. 

Note. — Obviously  the  nature  of  the  load  on  a  circuit  determines  its 
power-factor.  In  practice  the  average  values  of  power-factors  for  circuits 
with  different  kinds  of  loads  will  be  approximately  as  follows: 

Incandescent  lighting — ^no  motors, 95  per  cent. 

Lighting  and  motors, 85  per  cent. 

Motors  only, 80  per  cent. 

If  a  circuit  contains  resistance  only,  its  power-factor  will  be  100  per  cent, 
and  in  such  a  circuit  volts  X  amperes  =  true  power  (Art.  732).  Power- 
factor  can  not  be  greater  than  100  per  cent.  See  the  author's  American 
Electricians'  Handbook  for  a  much  more  complete  table  of  power-factors 
of  circuits  having  loads  of  different  characteristics. 

783.  The  Formulas  for  Power-factor  are  for  single-phase 
circuits  (since  cos  ^  =  power-factor  which  can  be  expressed  merely 
as  p./.)  these: 

(242)  P  =  I  XEX  p.f.  (watts) 

(243)  /  =  E^^^  (amp.) 

(244)  E  =  j^^  (volts) 

P 

(246)  p.f.  =  7^^  (power-factor) 
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Wherein  all  of  the  symbols  have  the  meanings  given  above. 

Examples  of  circuits  of  100  per  cent,  power-factor  are  given 
in  Fig.  463. 

Example. — What  is  the  actual  power  being  taken  by  the  multiple-arc- 
lighting  circuit  of  Fig.  468.     The  impressed  e.m.f.  is  110  volts.     The  cur- 


^'Afc  Ligmp  loent 
/  Pi:}rf<er  fji^ivf /%  87%, 


'fieads42kH     ifme/s  2Z0yblts 
n-  Current  -  ?  IB- What  Power  Factor  ? 

Fio.  468. — ^Problems  involving  power  factor. 


rent  is  86  amp.  and  the  power-factor  of  the  load  is  87  per  cent.  Solution. 
—Substitute  in  the  formula  (242)  :P  ^  I  X  E  X  p.f.  =  86  X  110  X  0.87  = 
8,230  watts  =  8.2  kw. 

Example. — The  alternating  e.m.f.  impressed  on  the  alternating-current 
circuit  of  Fig.  468,7/  is  200  volts.     It  is  known  that  the  circuit  is  taking 


Fio.  469. — Illustrating  conditionB  for  lero  (0)  power  factor.     Circuit  is  wholly 
inductive  and  current  lags  90  degrees  behind  impressed  electromotive  force. 


2  kw.  at  68  per  cent,  power-factor.  What  is  the  current?  Solution. — 
2  kw.  =  2,000  watts.  Then  substituting  in  the  formula  (243):  7  =  P  ^ 
EX  p.f.  =  2,000  -^  (200  X  0.68)  =  14.7  amp. 

Example. — In  an  alternating-current  circuit  feeding  a  motor  (Fig.  468, 
777)  the  following  readings  are  taken:  Power  =  42  kw.  E.m.f.  =  220  volts. 
Current  =  225  amp.     What  is  the  power-factor?    Solution.— 42  kw.  ■= 
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42,000  watts.     Substitute  in  the  formula  (245):    p^.  -  P  +  (/  X  ^)  » 
42,000  -«-  (225  X  220)  =  0.85  -  86  per  cent,  power-factor. 

784.  The  Power-factor  of  a  Wholly  Ihductiye  Circuit  would, 
if  such  a  circuit  could  exist,  be  zero.  Fig.  469  illustrates  graphic- 
ally the  conditions  in  such  a  circuit.  Note  that  the  area  of  the 
positive  power  loops  above  the  reference  line  is  the  same  as  that 
of  the  negative  power  loops  below  the  reference  line,  hence  the 
net  power  taken  by  the  circuit  is  zero. 

Note. — ^The  graph  of  Fig.  469  is  of  theoretical  interest  only,  inasmuch 
as  it  is  apparent  that  no  actual  circuit  could  exist  without  some  resistance. 
Some  circuits,  however,  are  almost  wholly  inductive  and  therefore  the  con- 
ditions in  them  approximate  those  delineated  in  Fig.  469.  A  circuit  feed- 
ing the  primary  of  a  transformer,  the  secondary  of  which  is  open,  is  almost 
wholly  inductive  and  the  same  is  true  of  a  circmt  serving  an  induction  motor 
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I- Phone  Diagram 
Fig.  470. — IIluBtrating  the  meaning  of  the  term  '*  wattless  current." 

operating  at  no  load.  It  follows  that  the  currents  in  such  circuits  are  largely 
"wattless"  (Art.  785). 

785.  Wattless  Cturent  is  the  name  given  to  that  part,  portion 
or  component  of  an  alternating  current  which  may,  when  the 
situation  is  viewed  in  one  way,  be  considered  as  being  productive 
of  no  actual  work.  There  is  only  one  current — ^the  line  current 
— ^in  a  circuit  and  it  is  always  in  phase  with  the  available  or 
enei^y  e.m.f .  (Art.  735)  but  it  is  sometimes  convenient  to  assume 
that  this  current  comprises  two  portions  or  "components": 

(1)  the  power  or  energy  componeni,  in  amperes,  which  is  of  such 
value  that  when  it  is  multiplied  by  the  impressed  e.m.f.  in  volts, 
the  product  will  be  the  actual  watts  power  taken  by  the  circuit; 

(2)  ihe  ''vHitUess^^  component,  in  amperes,  which,  when  multiplied 
by  the  impreafed  e.m.f .  in  volts,  will  give  the  apparent  power 
or  volt-amperes  taken  by  the  circuit.    Thus,  Fig.  470,/  shows 
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how  the  line  current  may  be  resolved  graphically  into  so-caUed 
energy  and  wattless  components;  which  must,  because  of  their 
definitions,  differ  in  phase  by  90  degrees.  Refer  also  to  Fig. 
471.  Furthermore,  the  energy  component,  to  satisfy  its  defini- 
tion as  given  above,  is  in  phase  with  the  impressed  e.m.f.  The 
angle  between  the  energy  component  and  the  line  current  is — 
because  the  line  current  is  always  in  phase  with  the  energy 
component  of  e.m.f. — ^the  same  as  the  angle  by  which  the  line 
current  lags  behind  the  impressed  e.m.f. 

Example. — ^Fig.  470,7/  is  a  vector  diagram  illtistrating  the  relation  be- 
tween the  line  current,  ''wattless  current'' 
and  ''energy  current''  for  the  problem  of 
Fig.  472.  The  line-current  vector  AB  was 
drawn  proportional  in  length  to  4,500  amp. 
AC  was  laid  off  32  degrees  (this  being  the 
lag  angle)  below  AB  and  of  indefinite 
length.  BC  was  dropped  from  B  perpen- 
dicular to  AC,  Then  the  length  ACy  which 
scales  3,825  amp.  represents  the  "energy" 
current  and  CB,  scaling  2,385  amp.,  rep- 
resents the  "wattless"  current.  AC 
could  have  been  obtained  by  multiplying 
AB  by  the  cosine  (note  under  Art.  781)  of 
32  degrees.  BC  could  have  been  obtained 
by  multiplying  AC  by  the  sine  (Art.  516) 
of  32  degrees. 
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rent  components  of   the   circuit 
shown  in  Fig.  429. 


786.  The  Effect  of  Low  Power- 
factor  in  a  constant-potential  circuit 
is  to  increase  the  current  necessary 
Fio.  471.— Showing  vector  re-  for  the  transmission  of  a  given  amount 
lations  between  e.m.f^  and  cur-  of  power  over  that  current  which 

would  transmit  the  same  power  in  a 
circuit  of  unity  power-factor  (a  non- 
inductive  circuit).  That  is,  in  circuits  of  low  power-factor  the 
"wattless"  current  is  considerable.  This  excess  of  current  does 
not,  in  itself,  represent  an  additional  expenditure  of  energy, 
that  is,  it  does  not  require  more  coal  burned  under  the  boilers. 
It  does,  however,  involve  slight  additional  energy  expenditure 
because  it  increases  the  PX  R  power  loss  in  the  conductors  which 
it  traverses.  It  has  the  further  undesirable  feature  of  decreasing, 
because  of  this  same  PR  heating  eflFect,  the  eflfective  capacities 
of  the  generators.  See  the  American  Electricians'  Handbook 
for  further  information. 
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787.  Low  Power-factor  May  Be  Corrected  by  the  installation 
of  synchronous  motors  or  synchronous  condensers.  Low  power- 
factor  in  practice  is  frequently  due  to  imderloaded  induction 
motors. 

788.  The  Practical  Determination  of  the  Power-factor  of  a 
Circuit  may  be  made  with  an  ammeter,  a  voltmeter,  and  a  watt- 
meter. Alternating-current  wattmeters  always  at  any  given 
instant  indicate  the  product  of  the  average  instantaneous  current 
in  a  circuit  X  the  average  instantaneous  energy  e.m.f.  at  that  in- 
stant, hence,  they  indicate  true  power.  Ammeters  and  volt- 
meters indicate  eflFective  values  and  do  not  show  anything  in 
regard  to  phase  relations.  With  20  amp.  in  a  circuit,  the  am- 
meter will  read  20  amp.  regardless  of  whether  the  current  reaches 
its  maximum  and  intermediate  values  at  the  same  instant  as 
does  the  voltage.  That  is,  ammeters  and  voltmeters  take  no 
cognizance  of  phase  relation.  Hence,  the  product  of  volts  and 
amperes  as  indicated  by  these  instruments  is  (in  circuits  contain- 
ing inductance  or  permittance)  apparent  power  taken  by  the 
circuit.  The  true  power  may  be  determined  from  wattmeter 
readings.     Then  the  power-factor  can  be  readily  computed. 

Example. — Fig.  468,77/  and  the  accompanying  solution  gives  an  example 
of  the  foregoing. 

Example. — Fig.  472  shows  an  alternating-current  circuit  serving  a  mixed 
motor  and  lighting  load.  The  power  as  indicated  by  the  wattmeter,  taken 
by  the  circuit  is  420  kw.  The  impressed  e.m.f.  is  110  volts  and  the  current 
is  4,500  amp.  What  is  the  power-factor?  Solution. — KUovoU-amperes  = 
(volts  X  amperes)  -5-  1,000  =  (110  X  4,500)  -^  1,000  =  495  kva.  Now 
from  equation  (249) :  p.f.  =  kw.  H-  kva.  =  420  -^  495  =  0.85  =  85  per  cent, 
power-factor. 

789.  A  Vector  Diagram  Showing  fhe  Relation  of  True  Power 
to  Apparent  Power  may  be  plotted  as  suggested  in  Fig.  473. 
The  general  method  involved  is  the  same  as  that  used  in  drawing 
impedance  and  voltage  vector  diagrams. 

Example. — In  the  problem  of  Fig.  472  the  apparent  power  was  shown  to 
be  495  kva.  and  the  true  power  420  kw.  Hence  if  a  right-angled  triangle 
(Fig.  473)  be  drawn  so  that  the  base  is  porportional  in  length  to  the  true 
power,  420  kva.,  and  the  hypotenuse  so  that  it  is  proportional  in  length  to 
the  apparent  power,  495  kw.,  the  angle  <t>  between  them  will  be  the  angle 
by  which  the  current  lags  behind  the  impressed  e.m.f.  The  cosine  of  this 
angle  will  then  be  the  power-factor  of  the  circuit.  In  the  example  illus- 
trated the  angle  <f>  is  foimd  to  be  32  degrees  and  cos  32  degrees  is,  by  refer- 
ring to  a  table,  found  to  be  0.85.  Hence  the  power-factor  of  the  circuit  is 
85  per  cent. 
37 
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790.  True  Watts  and  Apparent  Watts  and  True  Power  and 
Apparent  Power  are  terms  that  are  frequently  used.  The  true 
watts  or  true  power  delivered  to  a  circuit  is  the  actual  power  P 
(as  indicated  by  a  wattmeter)  which  is  being  consumed  in  a 
circuit.  True  power  may  be  expressed  either  in  watts  or  in 
kilowatts.    The   apparent  watts  or  power  (which  is  always 
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FiQ.  472. — Determination  of  the  power  factor  of  an  alternating-current  circuit. 

greater  than  the  actual  power  in  a  circuit  containing  inductance 
or  permittance,)  is  the  product  of  the  effective  voltage  imprest 
on  the  circuit  times  the  effective  current  in  the  circuit.  Apparent 
power  may  be  expressed  in  volt-amperes  or  in  kilovolt-amperes. 
Hence  it  follows  from  equation  (242)  since  I  X  E  =  apparent 
watts,  and  cos  <t>  =  power-factor  (the  following  applies  specifically 
to  single-phase  circuits) : 


.•.♦•32Dea. 


420kn >j 

Fio.  473. — Vector  triangle  indicating  relation  of  true  to  apparent  power  for 
problem  of  Fig.  472. 

(246)  true  watts  =  apparent  watts  X  power-factor. 

(247)  waits  =  volt-amperes  X  power-factor. 

(248)  kilowatts  =  kilovoU-amperes  X  power-factor. 

Therefore,  power-factor  equals  the  ratio  of  true  watts  to  apparent 
watts,  that  is: 

(249)  power-factor 

kw. 
kva. 


true  watts 
apparent  watts 


waits 
voU-amperes 
kilowatts 


kilovolt-amperes 
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Note. — The  above  may  be  graphically  expressed  by  a  right-angled  tri- 
angle, Fig.  473,  in  which  the  hypotenuse  represents  watts,  true  watts,  kilo- 


watts, or  kw.,  and  the  base  represents,  respectively,  apparent  watts,  volt- 
amperes,  kiolvolt-amperes,  or  kva.     Then  the  base  angle,  ^,  between  them 
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will  be  the  lag  angle.  The  cosine  of  this  angle,  ^  which  is  numerically 
equal  to  the  ratio  between  the  hsrpotenuse  and  the  base,  is  the  power-factor. 

791.  Power-factor  Due  to  Combined  Inductance  and  Permit- 
tance in  a  circuit  can  be  computed  on  the  basis  of  the  method 
suggested  in  Fig.  458. 

Note. — A  hydraulic  analogy  to  the  effect  of  inductance  in  a  direct-current 
circuit  is  suggested  in  Fig.  474,  the  inertia  of  the  fly-wheel  being  analogous 
to  the  inductance  of  an  electric  circuit.  The  flywheel,  by  virtue  of  the 
blades  of  the  water  motor  to  which  it  is  attached,  tends  to  oppose  the 
starting  of  a  flow  of  current  in  the  circuit.  That  is,  it  introduces  a  counter 
pressure  for  the  period  during  which  the  flow  of  water  is  being  started. 
After  the  flywheel  has  attained  its  speed,  that  is,  when  the  flow  of  water 
has  attained  its  normal  value,  the  only  counter  flow  then  offered  is  due  to 
the  frictional  resistance  which  is  analogous  to  electrical  resistance.  Simi- 
larly, if  the  belt  were  thrown  off  the  centrifugal  pump,  so  that  it  no  longer 
exerted  an  impelling  force  in  the  circuit,  the  inertia  of  the  flywheel  acting 
through  the  blades  of  the  water  motor  would  continue  the  flow  of  water  in 
the  circuit,  after  the  driving  power  had  been  discontinued  from  the  pump. 
Note  that  the  inertia  of  this  hydraulic  circuit  is  not  due  to  the  current  of 
liquid  in  it,  because  the  liquid  is  supposed  to  be  weightless. 

Note. — A  hydraulic  analogy  to  inductance  in  an  alternating-current 
circuit  is  illustrated  in  Fig.  475.  The  inertia  of  the  flywheel  acting  through 
the  blades  of  the  water  motor  tends  to  oppose  any  change  in  the  rate  of 
flow  of  the  weightless  liquid,  which  is  analogous  to  electricity.  If  the  rate 
of  flow  tends  to  increase,  the  inertia  of  the  flywheel  opposes  it.  On  the 
other  hand,  if  the  current  tends  to  decrease  or  change  in  direction,  the  fly- 
wheel acting  through  the  water-motor  blades  also  opposes  such  changes. 

792.  Power-factor  Due  to  Permittance  or  Capacitance  is  a 

quantity  that  applies  to  permittive  circuits  in  a  way  similar  to 
that  in  which  power-factor,  due  to  inductance,  applies  to  in- 
ductive circuits.  However,  since  the  charging  current  due  to 
permittance  is  leading,  the  power-factor  due  to  permittance  is  a 
leading  power-factor,  while  that  due  to  inductance  is  a  lagging 
power-factor. 

Note. — ^Leading  power-factors  of  appreciable  value  are  seldom  en- 
countered in  circuits  excepting  these  operating  at  relatively  high  voltages. 
Leading  power-factors  can  be  produced  in  a  circuit  by  operating  an  over- 
excited synchronous  motor  or  "condenser"  in  the  circuit.  Hence  with  a 
synchronous  motor  or  condenser  lagging  power-factor  in  a  circuit  can  be 
neutralized. 


SECTION  51 

POLYPHASE  CIRCUITS  AND  SYSTEMS 

793.  A  Polyphase  System  is  one  of  more  than  one  phase  (Art. 
685).  A  polyphase  circuit  is  one  for  transmitting  electrical 
energy  in  a  polyphase  system.  There  are  two  important  poly- 
phase systems:     (1)  the  two-phase  and  (2)  the  three-phase. 

Note. — Polyphase  systems  are  used  for  two  reasons:  (1)  because  they 
are  more  economical  than  the  single-phase  (Art.  687),  and  (2)  because  in- 
duction motors,  which  are  of  very  simple,  rugged  and  reliable  construction 
— they  require  no  commutators — can  be  used  with  them. 
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FiQ.  476. — Phase  diagram  and  graphs  for  the  e.m.fs.  produced  by  a  two-phase 
alternating-current  generator. 


794.  Two-phase  or  Quarter-phase  is  a  term  (A.  I.  E.  E. 
Standardization  Rules)  which  characterizes  the  combination 
of  two  circuits,  each  energized  by  alternating  e.m.fs.  which  differ 
in  phase  by  a  quarter  of  a  cycle,  i.e.y  by  90  degrees  (see  Fig.  476). 
Hence,  with  a  two-phase  e.m.f.  or  two-phase  current,  there  are 
at  any  instant  two  ''phases"  (Art.  685).  While  two-phase 
systems  are  not  used  as  frequently  as  formerly,  an  understanding 
of  the  principles  underlying  them  is  essential. 

796.  The  Production  of  a  Two-phase  E.m.f.  obviously  con- 
sists in  the  generation  of  two  alternating  sine-wave  e.m.fs.,  90 
degrees  apart,  as  shown  in  Fig.  476.  Each  of  these  e.m.fs. 
may,  as  shown  in  Fig.  477,  be  impressed  on  its  own  separate  cir- 
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cuit.  A  edngle-phase  e.m.f.  (Art.  687),  may  be  produced  by 
rotating  a  suitably  arranged  magnetic  field  within  a  properly 
disposed  core  on  which  is  wound  the  alternating-current  armature 
winding.  In  Fig.  478  this  construction  is  diagrammatically  indi- 
cated.   Two,  single-phase  alternating-current  generators  could 

be  made  to  produce  a  two-phase 
e.m.f.  if  their  rotating  parts  were 
firmly  keyed  to  the  same  shaft 
so  that  the  90-degree  phase  rela- 
tion would  be  preserved.  How- 
ever, it  is  more  economical  to 
arrange  both  of  the  phase  wind- 
ings on  one  frame,  that  is,  to  in- 
corporate them  in  one  machine, 
rather  than  to  use  two  frames. 
With  two-phase,  as  with  single- 
phase,  alternating-current  gener- 
ators there  are  two  general 
types:  revolving-armature  generators,  Fig.  479;  and  revolving- 
field  generators,  Fig.  477. 

796.  Really  Two  Separate  Single-phase  E.m.fs.  Are  Produced 
by  a  Two-phase  Generator. — These  may,  as  above  noted,  be 
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Fig.  477. — Elementary  two-pole,  two- 
phase,  revolving-field  alternator. 
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Fia.  478. — A  sixteen-pole,  single-phase,  revolving-field  alternator  and  its  exciter. 


used  to  impel  two  different  currents  in  two  distinct  circuits. 
However,  it  is  advisable  sometimes  to  combine  or  interconnect 
the  two  circuits  in  a  manner  which  will  be  described  later. 

797.  A  Reyolving-armaturey  Two-phase  Generator  is  shown 
diagrammatically  in  Fig.  479.    If  the  armature  winding  of  any 
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direct-current  generator  is  tapped  at  four  points  90  electrical 
degrees  apart,  as  shown  in  Fig.  479,/,  and  each  of  these  taps  is 
connected  to  a  collector  ring,  an  e.m.f .  wiU  be  impressed  across 
each  of  the  pairs  of  rings,  which  will  diflfer  in  phase  by  90  degrees 
from  the  e.m.f.  impressed  on  the  other  pair  of  rings.  This 
follows  from  the  principles  outlined  in  Arts.  702  and  703.  Hence 
a  bipolar  direct-current  generator  can  be  converted  into  a  two- 
phase  alternating-current  generator  by  arranging  on,  but  insu- 
lating from,  its  commutator  four  collector  rings.  Each  of  these 
collector  rings  is  connected  to  a  commutator  bar  by  a  screw 
passing  through  the  ring  and  into  the  bar.  However,  the  four 
bars  must  be  90  degrees  apart  in  the  commutator  as  shown  in 
Fig.  479,//.  Revolving-armature,  alternating-current  generators 
are  seldom  used  except  for  machines  of  very  small  capacity. 
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Fio.  479. — Illustrating  methods  of  obtaining  two-phase  currents  from  a  bipolar, 
revolying-armature  generator. 

However,  the  principle  involved  is  frequently  utilized  for  rotary 
converters. 

798.  Revolying-field,  Two-phase  Generators  are  the  most  fre- 
quently used.  Fig.  477  illustrates  the  principle.  It  is  obvious 
that  if  the  field  core,  NS,  which  is  excited  with  direct  current,  is 
rotated  at  a  uniform  speed,  it  wiU  induce  in  the  set  of  coils  AC 
an  e.m.f.  which  will  differ  in  phase  by  90  degrees  from  that  in- 
duced in  the  set  BD.  Note  that  to  satisfy  these  conditions  the 
armature  coils  must  be  located  90  electrical  degrees  apart.  The 
arrangement  of  a  practical  two-phase,  revolving-field  generator 
is  shown  in  Fig.  480.  Note  that  the  distance  between  the  centers 
of  similar  field  poles,  for  examples  S  and  S,  constitute  360  elec- 
trical degrees  and  that  the  sides  of  the  armature  coils  are  on  this 
basis  located  90  degrees  apart.    Consideration  will  show  that 
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the  principle  of  operation  of  the  generator  of  Fig.  480  is  the  same 
as  that  outlined  diagrammatically  in  Fig.  477  and  that  the  e.m.f . 
induced  in  phase  1  (the  black  set  of  coils)  will  differ  in  phase  by 
90  degrees  from  that  induced  in  phase 
2  (the  cross-hatched  set). 


Note. — A  Hydraulic  Analogy  of  a 
Two-phase,  Four-wire  Alternating-cur- 
rent Generator  and  Circuit  is  shown  in 
Fig.  481.  The  two  reciprocating  pumps  are 
analogous  to  two  single-phase,  alternating- 
current  generators  or,  with  their  gear  drive, 
to  one  two-phase,  alternating-current  gener- 
ator, and  the  two  pipe  circuits  are  analogous 
to  the  two  distinct  electrical  circuits  of  a 
two-phase,  four-wire  system.  Note  that  the 
circuits  and  "  generators"  are  precisely  iden- 
tical except  that  there  is  a  definitely  fixed 
difference  of  90  degrees  in  the  locations  of  the 
two  cranks,  Ci  and  Cj,  which  drive  the  two 
pumps.  Study  Fig.  481  in  connection  with 
Fig.  476  and  note  that  at  the  instant  pic- 
tured in  Fig.  481  when  the  current  of  fluid 
in  phase  2  is  being  impelled  at  maximum 
velocity,  that  is,  the  current  intensity  is  a 
maximum  (piston  head  passing  through 
center  of  stroke)  in  the  direction  shown  by 
the  arrows  the  fluid  in  phase  1  is  at  rest,  that 
is,  at  this  instant  the  current  is  zero  in  phase 
1.     This  corresponds  with  the  180  degree 
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Fio.  480. — Diagrammatic  representation  of  an 
eight-pole,  two-phase  revolving-field  alternator. 
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instant  in  Fig.  476,  where  the  voltage  in  phase  1  is  at  zero  (X),  and  the 
voltage  in  phase  2  is  a  maximum  (F),  in  the  negative  direction.  If  the 
analogy  be  followed  further,  it  will  be  found  that  the  fluid  currents  in 
the  two  circuits  of  Fig.  480  will  increase  and  decrease  in  intensity  and 
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change  in  direction  precisely  as  is  graphed  in  Fig.  476,//,  which,  though 
it  shows  graphs  of  the  e.m.fs.,  can  also  be  taken  as  representing  graphs 
of  a  two-phase  current. 

799.  There  are  Two  Commerical  Methods  of  Connecting  the 
Phase  Windings  of  two-phase  generators.  In  the  two-phase, 
four-wire  system  of  Fig*  482,//,  each  of  the  two  groups  of  arma- 
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Fio.  482. — Two  methods  of  connecting  two-phase-generator  armature  windings. 

ture  coils  is  connected  to  its  own  distinct  external  circuit.  The 
hydraulic  analogy  of  this  arrangement  is  shown  in  Fig.  481. 
In  the  two-phase,  three-wire  system  of  Fig.  482,/,  the  two  groups 
of  armature  coils  are  connected  in  series  within  the  generator  as 
shown.  Connections  to  the  external  circuit  are  made  from  the 
junction  point  A  of  the  two  groups  of  coils  and  from  the  un- 
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FiQ.  483. — Hydraulic  analogy  to  a  two-phase,  three-wire,  alternating-current 
generator  and  circuit. 


joined  ends  B  and  C  of  the  two  groups.     Fig.  483  delineates  a 
hydraulic  analogy  of  a  two-phase,  three-wire  circuit. 

800.  The  Voltage  and  Current  Relations  in  a  Two-phase, 
Four-wire  System  may  be  determined  by  inspection  Fig.  482,//, 
by  noting  that  each  phase  or  circuit  may  be  treated  as  if  it 
were  a  separate  circuit  as  shown  in  Fig.  484.  Then,  assuming 
that  the  load  is  equally  balanced  on  each  of  the  two  phases: 
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Ec  **  -El 


[Art.  801 
(volts) 


(260) 

and 

(261)  Ic  =  h  (amp.) 

Wherein  El  ^  the  e.m.f.  impressed  across  the  line  wires.    Eq  = 
the  e.m.f .  induced  in  each  set  of  armature  coils.    Il  —  the  cur- 


Arc  Lamp 


^"S 


PhoMl 


Phases 


,  h-Q-1 1  Jncanc/9scenf 


TmPhas€' 
Motor 


FiQ.  484. — Example  of  balanced  two-phase,  four-wire  circuit. 

rent  in  each  line  wire.    Ic  =  the  current  in  each  set  of  armature 
coils. 

801.  The  Voltage  and  Current  Relations  in  a  Two-phase, 
Three-wire  System,  Fig.  486,  may  be  determined  by  an  inspec- 
tion of  Fig.  482,7,     The  voltage  Eo  between  the  two  outside 


Mu/tipf:^ 

iwo-Phase     ^Reac/s^OAmp     -Arc  Lamp 

rfitmrator      {V/gx  :Rtadi&(UtMZ0hiB,2Ami^ 


ifncandtscent 
Lamps 


Reads 
'^'Vo/fs 


''Readsft4M00H4lVoifs 


FiQ.  485. — Example  of  balanced  two-phase,  three-wire  circuit. 

wires  will  equal  the  vector  sum  of  the  voltages  Ec  +  Ec  (or 
El  +  Bj)  induced  in  each  set  of  armature  coils.  These  two 
voltages  (£c  and  E6)  can  not  be  added  directly,  since  they  differ 
in  phase  by  90  degrees  but  they  can  be  added  vectorially  as 
shown  in  Fig.  476,7.      Since  the  voltages  are  equal  in  intensity 
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and  differ  in  phase  by  00  degrees  their  sum  will  be  proportional 
to  the  length  of  the  diagonal  of  a  square.  Now  the  diagonal 
of  a  square  always  equals  1.41  times  the  length  of  one  of  its  sides. 
Hence: 

(262)  Eo  =  1.41  X  ^c  =  1.41  X  El  (volts) 

The  middle  wire  AN  (Fig.  482,/)  is  similar  to  the  neutral  wire 
of  a  three-wire  system  in  that  it  carries  the  currents  of  both  of 
the  phases.  However,  these  currents  differ  in  phase  by  90 
degrees  and  therefore  can  not  be  added  directly.  Obviously, 
their  vector  sum  equals  1.41  times  the  current  in  the  outside, 
wires.  Then  referring  to  the  circuit  diagrams  of  Figs.  482,7, 
and  485: 

(253)  h  =  Ic  (amp.) 
and: 

(254)  El  =  Ec  (volts) 

(255)  /y  =  1.41  X  /l  =  1.41  X  Ic  (amp.) 

802.  The  Relations  Between  Power,  Current,  Voltage  and 
Power-factor  for  any  balanced,  two-phase  circuit  follow  from  the 
fact  that  a  two-phase  circuit  is  merely  two  single-phase  circuits. 
That  is: 

(256)  P  =  2  X  /l  X  ^L  X  p.f.  (watts) 
and: 

/orr^x  -  0.50XP  ,  , 

(257)  h  =  ip_sy^r  (amp.) 
hence: 

(258)  El  =  ^^  (volts) 
therefore: 

(259)  p./.  =  2  XI  XE  (power-factor) 

Wherein  II  =  current,  effective,  in  outside  wires,  in  amperes 
P  =  the  power  transmitted,  in  watts.  E  =  the  pressure  between 
phases,  in  volts,  p.f,  =  power-factor.  Note  that  the  total 
power  is  equal  to  the  sum  of  the  power  in  the  two  phases,  so  that 
in  making  power  measurements  where  the  load  is  unbalanced 
either  a  wattmeter  must  be  used  in  each  phase.  Fig.  486,7,  or  a 
two-phase  wattmeter,  which  automatically  adds  the  power  of 
both  phases,  can  be  employed. 


Et.Xp.f. 

0.50  XP 

II  X  p./. 

P 
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Example. — Pig.  487  illustrates  the  application  of  the  above  equations 
from  two  problems. 

803.  Three-phase  is  a  term  (A.  I.  E.  E.  Standabdization 
Rules)  characterizing  the  combination  of  three  circuits  energized 
by  Bltemating  e.m.fs.  which  differ  in  phase  by  one-third  of  a 


S-PhaSQ  6eneraH>r 


2-Phas9  Generafor-     ^^^ 

Phase  I 


4 


Phcise  2 

i_ 

I-Foup-Wire  Circuit  IT-Three-Wire  Circuit 

Fio.  486. — Wattmeters  for  measuring  power  in  two-phase  circuits. 

cycle,  i.e.,  120  degrees.  That  is  with  a  three-phase  e.m.f.  or 
current  there  are  at  any  instant  three  "phases."  The  three- 
phase  is  the  most  widely  applied  of  all  polyphase  systems  because 
of  its  economy  and  adaptability  (Art.  820). 


2'f>has9  Wattmeter  ^ 
Reads  40  iCN,     <h 


\adslll6Amp. 


Three -Wire.Two-Phase  Circuit 
Fio.  487. — niustrating  e.m.f.  and  current  relations  in  two-phase  circuits. 

804.  To  Produce  a  Three-phase  E.m.f.,  Fig.  488,  it  obviously 
follows  from  the  definition  given  above  that  it  is  only  necessary 
to  generate  three  sine-wave-form  e.m.fs.  which  differ  in  phase 
by  120  degrees.  As  with  single-phase  and  two-phase  systems, 
the  generators  for  developing  these  three-phase  e.m.fs.  may  be 
either  of  the  revolving-armature.  Figs.  484  and  490,  or  of  the 
revolving-field.  Figs.  491  and  492,  types. 
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806.  A  Three-phase  E.iii.f.  Really  Comprises  Three  Separate 
E.mis. — Likewise,  a  three-phase  current  comprises  the  three 
separate  currents  impelled  by  these  three  e.m.fs.  Hence,  it  is 
perfectly  feasible  to  develop  a  three-phase  e.m.f.  with  three 
single-phase  generators,  the  shafts  of  which  are  rigidly  coupled 


6    30  60   90    rSO  ^50  ©0  £iO  ?40  ?70  300  330  360  30  60 
'I-Phose  Diagram  DearecG        jr-orophs  of  E.KFi. 

Fio.  488. — Phase  diagram  and  graphs  for  the  e.m.fs.  produced  by  a  three-phase 
alternating-current  generator. 


together  so  that  the  120-degree  phase  relation  between  the 
e.m.fs.  developed  by  each  of  the  three  machines  would  be  pre- 
served. However,  it  is  much  more  economical  of  material  to 
combine  the  three  sets  of  armature  coils  for  the  development  of 


Wffitilirt^ 


■f20^. 


I-Ring  Armature  I-Bipolqr  Moch.ne  Commutator 

Fio.  489. — Showing  methods  of  obtaining  three-phase  currents  from  a  bipolar, 
revolving-armature  generator,  delta  connection. 


these  three  e.m.fs.  into  one  machine.     Therefore,  this  is  the  pro- 
cedure always  followed  in  practice. 

806.  The  Principle  of  the  Three-phase  Generator  is  suggested 
in  Fig.  491.  If  three  diflferent  sets  of  armature  coils  be  mounted 
in  a  frame  120  electrical  degrees  apart  and  a  magnetic  field 
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arranged  as  shown  {NS,  Fig.  491)  is  caused  to  rotate  within  them, 
it  is  obvious  from  a  consideration  of  the  principles  outlined  in 
Art.  708  that  three  e.m.fs.  wiU  be  induced,  one  in  each  set  of 
coils,  which  will  diflfer  in  phase  by  120  degrees  as  shown  in  Fig. 


Armature 

Fio.  490. — Bipolar-madime,     ring-      Fio.  491. — Elementary,  two-pole,  three- 
^wound  armature  connected  in  Y  phase  revolving-field  alternator. 

488.  Furthermore,  if  three  sets  of  overlapping  armature  coils  be 
arranged  with  their  sides  60  electrical  degrees  apart  as  shown  in 
Fig.  492,  three  e.m.fs.  which  diflfer  in  phase  by  60  degrees,  Fig. 
493,  will  be  produced  by  rotating  a  properly  arranged  field  mag- 


I    I     I 

I  i 


^^^^The  Lamps  in  fhe  Y-Connecfec/ 
Group  ^aye  /mpresjes^ dj^  ThEfT' 
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Fio.  492.— Diagrammatic  representation  of  an  eight-pole,  three-phase,  Y-  or 
star-connected,  alternating-current,  revolving-field  generator. 


net  within  the  structure.  If  the  terminals  of  the  coil  group  of 
phase  3  be  reversed  then  three  e.m.fs.  diflfering  in  phase  by 
120  degrees,  Fig.  488,  will  be  impressed  on  the  external  circuit. 

807.  Revolving-armaturei  Three-phase  Generators  are  now 
seldom  used  except  for  small  machines,  possibly  those  of  capacities 
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of  25  kva.  or  less.  It  follows  from  a  consideration  of  the  principles 
of  electromagnetic  induction  (Arts.  702  and  703)  that,  if  a  direct- 
current-generator  armature  winding  be  tapped  at  points  120 
electrical  degrees  apart  as  shown  in  Fig.  489  and  each  of  these 
tap  wires  is  connected  to  a  collector  ring,  a  three-phase  e.m.f. 
wUl  be  impressed  on  these  rings.  This  can  be  accomplished  with 
a  bipolar  machine  as  shown  in  Fig.  489,//,  by  using  three  col- 
lector rings  tapped  to  three  equidistantly  spaced  commutator  bars 
after  the  manner  hereinbefore  described.  Fig.  489  shows  the 
delta  method  of  connection  which  will  be  described  later.  The 
F-method  of  connection,  also  described  later,  is  shown  in  Fig. 
490. 

808.  A  Revolying-fieldy  Three-phase  Generator  is  illustrated 
diagrammatically  in  Fig.  492.    The  armature  winding  is  sta- 
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Fio.  493. — Phase  diagram  and  graphB  of  the  e.m.fs.  produced  by  a  three-phase, 
alternating  current  generator  before  the  winding  of  phase  3  is  reversed. 


tionary  and  the  field  structure  which  is  excited  from  a  direct- 
current  source — usually  a  small  direct-current  generator  exciter 
— ^is  rotated  within  the  armature.  Note  that  the  distance  be- 
tween adjacent  similar  poles,  that  is  from  iV  to  iV  or  S  to  S, 
constitutes  360  electrical  degrees.  Besides,  the  armature  coils 
are  60  degrees  apart,  while  the  distance  between  similar  sides 
of  the  different  coils  is  120  degrees. 

Note. — A  Hydraulic  Analogy  of  a  Thrbe-phasb  Gbnbbatob  and 
CiBCUiT  is  shown  in  Fig.  494.  Each  of  the  three  reciprocating  pumps  is 
analogous  to  a  single-phase  generator  and  the  combination  of  the  three  and 
their  gear  drive  is  analogous  to  a  three-phase  generator.  The  three  hy- 
draulic circuits  are  analogous  to  a  three-phase,  six-wire  circuit.  The  only 
difference  between  each  of  the  three  generators  and  its  circuits  is  that  the 
cranks  driving  the  three  pumps  are  so  geared  that  there  is  alwa3rs  a  "phase" 
difference  of  120  degrees  between  them.    The  instant  pictured  in  Fig.  494 


592 


PRACTICAL  ELECTRICITY 


[Art.  809 


corresponds  to  the  ISO-degree  phase  of  Fig.  488.  That  is,  at  this  instant 
the  piston  of  phase  2  is  stationary  and  there  is  no  current  of  water  in  its 
pipe  circuit.     This  corresponds  to  point  Y  in  Fig.  488.     The  fluid  current 

in  phase  1  is  decreasing  in  the  negative 
direction,  Z,  Fig.  488,  and  the  fluid 
current  in  phase  3  is  increasing,  X, 
Fig.  488,  in  the  positive  direction.  If 
the  analogy  is  followed  further  it  will  be 
found  that  the  graphs  of  Fig.  488,//, 
indicate  just  how  the  fluid  currents  in 
the  three  different  pipe  circuits  would 
increase  and  decrease  in  intensity  and 
change  in  direction  individually  and  in 
relation  to  each  other  as  the  three 
pumps  are  driven  by  the  large  gear. 

809.  There  Are  Two  Methods 
of  Connecting  the  Windings  of 
Three-phase  Generators  and,  in 
general,  there  are  two  methods  of 


Amrrwtv 


Line  Win -^ 


Fio.   495. — Ammeters  and   voltmeters  in 
a  three-phase,   F-connected  circuit. 

connecting  devices  of  any  sort  to 
a  three-phase  circuit.     They  are 

(1)  the  F-connection.  Fig.  495,  and 

(2)  the  delta  connection.  Fig. 
496,//.  Most  generators  have 
their  coils  K-connected  but  it  is 
ordinarily  impossible  to  determine 
from  an  external  inspection  of  a 
machine  whether  it  is  Y-  or  delta- 
connected.     Machines   connected 

in  either  way  can  be  made  to  provide  the  same  performance,  but 
for  a  given  voltage  impressed  on  the  line  the  armature  coils  for 
a  F-connected  machine  must  be  different  from  those  for  a  delta- 
connected  machine,  as  will  be  shown. 
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Note. — Three-phase  Vectors  Convention.* — A  feature  which  some- 
times gives  some  difficulty  is  the  selection  of  positive  directions.  Any  selec- 
tion will  do  as  long  as  it  is  consistently  adhered  to.     Thus,  it  is  convenient 


l>n€  W/re 


Iri73xlc 


Coi/s^ 


t4 


^,'?  '^   ^  ^ 


Bi  Il'IJ3^.Ic. 

I-Elemeniary  Connection  H-Conventional  Diagram 

Fio.  496. — Illustrating  the  delta  (A)  connection  of  generator  or  receiver  coils. 

to  consider  the  counterclockwise  direction  around  a  delta,  and  the  direction 
out  from  the  neutral  point  of  a  F  as  positive.     Confusion  can  be  avoided 


1b6'         Ead 
Fio.  497. — Delta  connection  and  corresponding  phase  diagram* 

by  following  a  simple  convention.     Draw  a  diagram  of  the  circuit  and  letter 
all  intersections.     It  is  helpful  to  arrange  these  diagrams  to  correspond  to 


I  -  star  Connection 

Fio.  498. — Star  or  Y  connection  and  phase  diagram. 

the  shape  of  the  vector  figure.     When  a  vector  is  drawn  and  lettered,  use 
two  subscripts  denoting  the  points  between  which  the  current  flows  or  vol- 

•  R.  H.  Willard,  in  Elsctbio  Journal. 
3S 
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tage  exists.  Thus  in  Fig.  497,  Eab  represents  the  difference  of  potential  be- 
tween A  and  B,  A  being  the  higher.  Eba  represents  the  difference  of  poten- 
tial between  B  and  A  which  is  equal  and  opposite  to  Eab*  In  other  words, 
Eab  *^  "  Eba-  The  same  is  true  of  currents.  If  the  current  in  a  line  is 
desired,  say  BB'  add  Iab  and  Icb  since  both  these  currents  feed  into  B  and 
Ibb'i  feeds  out.  If  the  currents  are  in  phase  with  the  voltages,  the  vector 
Ibb',  the  sum  of  Iab  and  /cb,  Fig.  497,  will  represent  the  current  in  BB\ 


1- Diagram  l-lncorrect  M- Correct 

Fio.  499. — Vector  diagram  of  currents  and  correct  and  incorrect  methods  of 
showing  the  instantaneous  currents  in  a  star  connection. 

Fig.  498  shows  a  star  generator.  If  voltage  Eac  is  desired,  add  Eao 
and  EoC'  If  the  current  in  the  neutral  of  a  balanced  star  is  desired  /  o'o  — 
loB  +  loc  +  loA.  Using  vector  addition,  this  gives  zero  as  the  current  in 
the  neutral,  if  the  currents  in  the  phases  are  equal  and  at  the  same  power- 
factor. 

Care  must  be  taken  not  to  confuse  vectors  with  instantaneous  currents 
or  voltages  in  the  windings.    In  Fig.  499,  /  represents  by  vectors  the  cur- 


l^Ic<S) 


Fig.  500. — Armature  coils  of  a 
three-phase  generator.  Coils  not 
interconnected. 


One  mrt- 

Fio.  601. — Coils  of  a  three-phase  gener- 
ator connected  in  F  or  in  star. 


rents  in  a  star,  but  at  no  instant  is  the  current  flowing  as  in  //  for  the 
current  flowing  in  from  C  to  0  at  a  given  instant  flows  out  from  0  to  B  and 
0  to  il  as  shown  at  ///.  That  is,  for  instantaneovs  currents,  Kirchoff's 
law  holds,  the  algebraic  sum  of  all  currents  flowing  to  a  point  is  zero. 

810.  The  T-connection  of  phase  windmgs  or  coils  is  indicated 
diagrammatically  in  Fig.  495.  A  three-phase  generator  or  de- 
vice may  be  represented  by  a  diagram  like  that  of  Fig.  500  in 
which  each  of  the  three  sets  of  coils  ABi,  ABz  and  AB^  represents 
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one  of  the  sets  of  armature  windings  in  which  an  e.m.f .  is  induced. 
However,  the  number  of  line  wires  may  be  reduced  to  four  as 
shown  in  Fig.  501,  by  using  a  conmion  return  wire  AIl  for  all 
three  of  the  circuits,  and  by  connecting  it  to  a  junction,  A,  of 
the  three  sets  of  coils.  However,  if  the  three  circuits  are  bal- 
anced, that  is,  equally  loaded,  as  they  usually  are  in  practice — 
approximately  at  least — ^then  no  current  would  flow  in  the  neutral 
wire,  AIn)  hence  it  can  be  omitted  as  diagranmied  in  Fig.  495. 

811.  Why  the  Neutral  Wire  of  a  T-connected  Circuit  May  be 
Omitted  is  suggested  in  Fig.  502,  which  indicates  the  conditions 
existing  in  a  three-phase  circuit  at  a  certain  instant.  It  is  as- 
sumed that  the  e.m.f.  induced  in  each  of  the  three  sets  of  arma- 
ture coils  ABif  AB%  and  ABz  has  a  maximum  instantaneous  value 
of  100  volts.  Each  of  the  three  load  components,  Li  —  iVi, 
Li  —  N^f  and  Ls  —  iVa,  has  a  resistance  of  10  ohms.    At  the 


■Oenerator 

I-Orcuit*  Independerrt  H-Four-Wire  Circuit 

Fig.  502. — Instantaneous  currents  at  a  certain  instant  in  three-phase  (F-con- 

nected)  circuits. 

instant  shown  in  Fig.  502,  which  corresponds  to  the  330-degree 
phase  of  Fig.  488,  the  e.m.f.  impressed  on  phase  1  is  a  maximum 
{Ec)  or  100  volts.  The  e.m.fs.  impressed  on  phases  2  and  3  are 
then  each  one-half  maximum  (TT)  or  50  volts,  but  are  in  opposite 
direction  from  that  of  phase  1.  Since  the  resistance  of  the 
load  in  each  of  the  phases  is  10  ohms,  the  currents  of  the  instant 
pictured  will  be  10  amp.,  5  amp.  and  5*  amp.,  respectively,  as 
shown.  Therefore,  Fig.  503  indicates  a  graph  of  the  three- 
phase  current  in  this  circuit,  the  conditions  of  Fig.  502,/,  corre- 
sponding to  the  90-degree  phase  {VW)  of  Fig.  503.  Now,  if  a 
common  return  wire,  AN,  is  provided  as  shown  in  Fig.  502,//, 
there  would  be  a  tendency  for  a  current  of  10  amp.  to  flow  in  it 
toward  the  left,  and  also  for  a  current  of  5  amp.  +  5  amp,,  = 
10  amp.f  toward  the  right.  The  consequence  is  that  these 
tendencies  neutralize  and  that  there  would  be  no  current  in  the 
neutral  wire,   therefore  it  is  unnecessary.    Now,   while  Fig. 
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502  pictures  conditions  for  only  one  instant,  it  is  evident  from 
a  study  of  the  graph  of  Fig.  503  that  in  a  three-phase  circuit  the 
current  in  one  of  the  phases  is  always  equal  and  opposite  to  the 
sum  of  the  currents  in  the  other  two  phases,  which  indicates  why 
there  is  no  occasion  for  a  return  wire.  For  example,  (Fig.  503), 
at  the  120-degree  phase,  the  current  represented  by  the  ordinate 
PQ  (8.5  amp.),  is  equal  and  opposite  to  the  current  represented 
by  the  ordinate  QR,  Also,  at  the  150-degree  phase,  ST  +  ST 
is  equal  but  opposite  to  TU. 

812.  The  Voltage  and  Current  Relations  in  a  Star-  or  T- 
connected  Three-phase  Circuit  are  indicated  in  Fig.  501.  It 
is  evident  that  the  current  in  each  one  of  the  three  coils  ABi, 
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FiQ,  503. — Graphs  of  the  three  currents  in  a  three-phase  circuit.  (Maximum 
e.m.f.  B  100  volts;  resistance  of  load  »  10  ohms.  See  Fig.  502  for  circuit  dia- 
grams.) 


ABt  and.  ABz  must  be  the  same  as  the  current  in  the  line  wire 
attached  to  it.  The  voltage  impressed  on  any  pair  of  line  wires, 
for  instance  on  line  wires  1  and  2,  must  be  equal  to  the  sum  of 
the  voltages  induced  in  the  two  coils  which  are  connected  in 
series  between  these  two  wires.  For  example,  the  voltage  im- 
pressed across  Bi  -  ^2,  Fig.  501,  is  equal  to  the  sum  of  the  e.m.f. 
induced  in  ABi  plus  that  induced  in  AB2*  However,  since  these 
voltages  differ  in  phase  by  120  degrees  they  can  not  be  added 
arithmetically.  They  can,  however,  be  added  vectorially  and 
then,  as  is  shown  in  the  following  paragraph,  their  resultant  = 
1.73  times  the  voltage  generated  in  either  coil.  That  is,  for  a 
y-connected  circuit,  the  following  equations  must  hold: 


(260) 
(261) 


El  =  1.73  X  Ec 


(amp.) 
(volts) 


Sec.  61]  POLYPHASE  CIRCUITS  AND  SYSTEMS 


597 


Therefore 
(262) 


Ec  =  iTto"  ^-^^  ^  ^^ 


(volts) 


It  is  evident  that  the  voltage  from  either  one  of  the  three  line 
wires  to  the  neutral  wire,  if  one  is  provided,  must  equal  the 
voltage  induced  in  each  coil,  that  is: 

(263)  Em  =  Ec  (volts) 

Wherein,  assuming  balanced  load  and  effective  values  of  current 
and  e.m.f.,  Il  =  the  current  in  any  one  of  the  three  line  wires. 
Ic  =  the  current  in  any  one  of  the  three-phase  windings  or  coils 
which  are  connected  in  7.  El  =  the  e.m.f.  impressed  between 
any  pair  of  the  three  line  wires.  Ec  =  the  e.m.f.  induced  in  or 
impressed  on  any  one  of  the  three-phase  windings  or  coils. 


^^ 

'   H-Vector  Addition  ^        DT-Vector  SubtracHon 

Fio.  504. — Method  of  determining  voltage  across  two  coils  in  series,  the  e.m.fs.  in 
which  differ  in  phase  by  120  degrees. 

Eff  =  the  voltage  between  any  one  of  the  three  line  wires  and 
the  neutral  point,  or  between  any  one  of  the  line  wires  and  the 
neutral  wire,  if  such  is  used.  Fig.  495  indicates  the  reference 
letters  above  used,  on  ammeters  and  voltmeters  properly  arranged 
in  a  three-phase  F-connected  circuit. 

813.  Why  the  Line  E.mi.  in  a  T-connected  Circuit  Equals 
1.73  Times  the  Coil  E.m.f.  follows  from  a  consideration  of  Fig. 
504.  AB  and  CD  represent  two  different  coils  in  each  of 
which  are  induced  equal  voltages.  However,  the  voltage,  Ei  in 
AB  lags  120  degrees  behind  E2,  in  CD.  If  the  coils  are  con- 
nected as  shown  at  /  then  the  vector  sum  of  the  voltages  Ei 
and  E2  will  be,  as  is  evident  from  the  vector  diagram  of  //, 
proportional  to  the  length  of  the  resultant  vector  OEi.  Now 
OEa  (since  it  is  the  resultant  of  two  equal  vectors  120  degrees 
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apart)  is  equal  to  OEi  and  to  OEi.    Hence  the  sum  of  the 
e.m.fs.  El  and  Ei^  with  the  coils  connected  as  shown  at  /,  is  the 
same  as  their  e.m.fs.  taken  singly. 
If,  however,  one  of  the  coils,  DC,  be  reversed  as  at  ///,  the 

e.m.f .  in  CD  being  equal  to  that 
in  AB,  but  leading  it  by  120 
degrees,  this  is  equivalent  to 
reversing  the  e.m.f.  (Reversing 
the  coil  which  generates  an 
e.m.f.  changes  its  phase  relation 
to  the  other  two  coils  by  180 
degrees.)  Then  E^  will  be  the 
vector  difference  of  Ei  and  Et 
rather  than  their  vector  sum. 
The  vector  diagram  for  the  sum 
of  El  and  E2  then  becomes  that 
shown  in  JF,  where  the  vector 
OEs  is  proportional  in  length  to 
Now,  the  angle  A  is  obviously 
one-half  of  60  degrees  or  30  degrees  and  ON  equals,  then,  cos 
30  degrees  X  Ei,  and  OE^  ^  2  X  cos  30  degrees  X  Ei.  Cos 
30  degrees  is  0.866;  therefore  OEi  or  E^  =  1.73  X  ^i  =  1.73  X 
Et.    Therefore,  since  in  a  F-connected  three-phase  generator 


Fio.  606. — Equilateral  triangle  in- 
dicating voltage  relations  in  a  three- 
phase,  F-connected  circuit. 

the  difference  of  OEi  and  OEu 


/ncan€/93cenf  (J 


nOVofh 


I  -  Y-Conncded  "^     lI-Oelta(J)-Connected 

Fio.  606. — Incandescent  lamps  connected  in  delta  and  in  Y. 

any  of  the  groups  of  two  coils  which  are  in  series  between  the  line 
wires  are  reversed  relative  to  one  another  as  at  ///,  the  e.m.f. 
impressed  on  the  line  wires  of  such  a  machine  equals:  1.73  X 
the  e.m./.  induced  in  each  of  the  sets  of  coils.  The  relations  just 
suggested  can  be  conveniently  shown  by  an  equilateral  triangle, 
Fig.  605,  the  sides  of  which  are  proportional  in  length  to  the 
voltage  between  the  line  wires. 


Sec.  611         POLYPHASE  CIRCUITS  AND  SYSTEMS  699 

ExAUPLB. — ^With  a  group  of  three  sets  of  four  incandescent  lamps  each, 
connected  in  Y  across  a  UO-volt  circuit,  as  in  Fig.  506,7,  what  e.mi.  will 
be  impressed  upon  each  se t  ?  Solution. — Substitute  in  equation  (262)  Ec  " 
0.68  XElX  0.68  -  110  -  63.8  volts, 

814.  The  Power  in  a  Y-connected  Circuit  may  be  determined 
as  follows:  It  is  evident  from  the  power  relations  in  a  single- 
phase  alternating-current  circuit  that  the  power  Pp,  developed 
in  any  one-phase  winding  of  a  three-phase  generator  is: 

(264)  Pp^  EaXicX  p.f.  (watts) 

But  from  equation  (262):  Ec  ^  El -^  1.73  and  from  (260): 
Ic  =  Il»  Substituting  these  values  in  (264),  the  power  developed 
in  any  one  coil  is: 

(265)  ^^^^^^''^  ^^'  (^**^) 

Since,  with  a  balanced  load,  an  equal  amount  of  power  is 
developed  in  each  of  the  three-phase  windings,  the  total  power 
will  be  three  times  that  developed  in  one  winding,  or: 

(266)  P  =  3  X  (^^^1^^)  =  1.73  XElXIlX  p.f. 

(watts) 
816.  The  Delta  Connection  of  Phase  Windings  or  Colls  is  indi- 
cated at  Figure  496,//,  where  / 
shows    the   elementary    diagram 
and  //  the  simplified  arrangement. 
It  might  be  assumed  that  since  S| 
the  three  windings  form  a  closed 
circuit,  current  would  circle  around 

;«  U  u„4.  «,,«u  :«  ^^4.  4^u«  ««««  u«  Fio.  607. — InBtantaneous  currents, 
m  It  but  such  is  not  the  case  be-  ^t  a  certain  instant,  in  a  delta  (A)- 
cause    the    resultant   sum    of    the  connected  three-phase  circuit. 

voltages  which  differ  in  phase  by 

120  degrees  in  the  three  windings,  is  at  every  instant  zero  as 
will  be  evident  from  a  consideration  of  the  graphs  of  Fig.  488. 
That  is,  the  voltage  in  one  phase  is  at  any  instant  always  equal 
and  opposite  to  the  sum  of  the  voltages  in  the  other  two  phases. 
If,  however,  three  Une  wires  are  connected  to  these  phase  wind- 
ings, one  to  each  of  the  junction  points  between  windings  as 
shown  in  Fig.  496,//,  then  alternating  e.m.fs.  will  be  impressed 
on  the  external  circuit  and  a  three-phase  current  will  be  forced 
through  the  circuit  if  it  is  closed. 

Example. — Fig.  507  shows  the  instantaneous  currents  in  the  circuit 
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Bhown  at  the  instant  at  which  the  e.m.f .  in  coil  BiBt  is  a  maximum.  Note 
that  at  this  particular  instant  the  current  in  BJj\  is  15  amp.,  but  that  it  is 
opposite  to  the  current  of  15  amp.  in  BiLi,  At  this  instant  there  is  no  cur- 
rent in  BiLt.  This  example  verifies  the  statement  previously  made  that, 
in  a  three-phase  circuit,  the  current  in  some  one  of  the  line  wires  is  at  any 
instant  always  equal  and  opposite  to  that  in  the  other  two. 

816.  Voltage  and  Current  Relations  in  a  Delta-connected 
Circuit  are  shown  in  Fig.  496.  It  is  evident  that  the  voltage 
impressed  between  each  of  the  two  line  wires  is  equal  to  the 
voltage  induced  in  each  phase  winding  because  the  line  wires 
are  connected  directly  across  the  phase  windings.  It  is  also 
evident  that  the  current  in  each  one  of  the  line  wires  is  the  sum 
of  the  currents  in  two  of  the  phase  windings.  However,  these 
currents,  since  they  differ  in  phase  by  120  degrees,  can  not  be 
added  directly  but  must  be  added  vectorially,  somewhat  as 
suggested  in  Fig.  504,/!^.  Hence  it  follows  that  for  a  three- 
phase,  delta-connected  circuit: 

(267)  Ec  =  El  (volts) 

(268)  h-^IcX  1.73  (ampO 

(269)  Ic  =  j-73  =  0.58  X  h  (amp.) 

Wherein,  assuming  balanced  load  and  effective  values  of  current 
and  e.m.f.,  all  of  the  symbols  have  the  same  meanings  as  used 
in  the  T-connection  demonstrations. 

Example. — ^In  the  circuit  of  Fig.  606,//,  each  of  the  three  groups  of  110- 
volt  incandescent  lamps,  takes  4  amp.  What  is  the  current  in  the  line  wires 
C/F,  WX  and  YZ?  Solution.— Substitute  in  the  formula  (268):  h  = 
Ic  X  1.73  =  4  X  1.73  =  6.92  omp. 

817.  The  Power  Developed  in  a  Delta-connected  Circuit  can 

be  determined  on  the  basis  of  the  explanation  hereinbefore  given 
for  the  determination  of  power  in  a  F-connected  circuit.  Ob- 
viously in  a  delta-connected  circuit  the  power  developed  by  each 
phase  winding  is  (Art.  783) : 

(270)  Pp  =  EcXicX  p.f.  (watts) 

But,  equation  (267) :  Ec  =  El  and  equation  (268) :  Ic  = 
II  -^  1.73,  hence,  substituting  these  values  in  (270): 

(271)  Pp  =  £i,  X  ~|3  X  p./.  (watts) 
Then  the  total  power,  P,  for  the  three  windings  must  be: 
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(272)  P  =  3  X  i?L  X  j^  X p./.  =  1.73  XElXIlX p,f.  (watts) 

818.  The  Three-phase,  Four-wire  System,  Fig.  508,  is  now 
being  used  to  a  considerable  extent,  principally  for  the  distribu- 
tion of  electrical  energy  for  light  and  power  in  cities.  Such  a 
system  is,  as  suggested,  served  by  a  three-phase,  T-connected 


Fio.  608. — lUustratiDg  diagrammatically  the  three-phase,  four-wire  system. 

generator  and  is  precisely  like  any  other  F-connected  system 
except  that  the  neutral  wire  Ni  —  Nz  is  carried  out  from  the 
machine  and  along  the  line  with  the  other  three  wires.  The 
system  permits  the  use  of  a  transmission  voltage  1.73  times  the 
voltage  impressed  on  the  transformers,  a  material  economy  in 
copper  for  the  same  power  loss — or  a  material  decrease  in  energy 
lost  for  the  same  amount  of  copper — resulting. 


f  Ifoti  Wh<^  Mar  ^  ^*^ 


Arnrr^^ter 


ShHmtftr 


Fio.  509. — Typical  three-phaae  circuit. 


May  b*  Jar  r* 


Example. — In  the  three-phase,  four-wire  system  of  Fig.  508,  the  trans- 
formers are  connected  between  the  outside  wires  and  the  neutral  wire,  the 
pressure  on  their  primaries  being  2,200  volts.  However,  the  pressure  be- 
tween the  phase  wires,  -4,  C  and  B  equals  1.73  X  2,200  volts,  is  3,800  volts. 
Since  with  a  balanced  load,  and  it  is  usually  so — approximately  at  least — 
in  practice,,  there  is  no  current  in  the  neutral  wire,  the  energy  is  really,  in 
the  circuit  shown  in  the  illustration,  transmitted  at  3,800  volts. 

819.  Power  and  Voltage  Relations  for  Any  Three-phase  Cir- 
cuit which  may  be  either  F-  or  delta-connected  are  given  in  the 
equations  below  which  refer  to  the  symbols  of  Fig.  509.    Note 


602 


PRACTICAL  ELECTRICITY 


[Art.  819 


from  the  two  articles  preceding,  which  indicate  how  the  power 
may  be  determined  in  delta-  and  in  K-connected  circuits,  that 
the  final  equation  is  the  same  for  both  of  these  circuits;  hence  it 
follows,  for  any  three-phase  circuit  with  a  non-inductive  load, 
that: 


(267)  P  =  1.73  XElXIl 

For  an  inductive  load,  then,  the  following  must  be  true: 


(268) 
or 

(269) 
(270) 
(271) 


P  =  1.73  XElXIlX  p.f. 


Er.^ 


/r  = 


1.73  XhX  vJ- 
P 


0.58  X  P 
pj.  X  h 
0.58  X  P 


(watts) 
(watts) 

(volts) 
(amp.) 


1.73  XEi.X p.f.      p.f. X Ej, 

,  P  0.58  XP,  ,    .    , 

P-^-  =  hXE.X  1.73  =  -hXEl  (PO''«'-f*<'tor) 


Thf^£-f^>ait  Branch 


*1. 


Fio.  510. — Three-phase  load  feeding  from  a  three-phase  main. 

Wherein,  assuming  balanced  load  and  effective  values  of  current 
and  e.m.f.,  P  =  the  power,  in  watts,  being  transmitted  in  the 
circuit.  J?t  =  the  e.mi.,  in  volts,  between  line  or  phase  wires. 
Il  =  the  current,  in  amperes,  in  each  line  or  phase  wire.  p./.  = 
the  power-factor  of  the  circuit* 

ExAiiPLE. — A  220-volt,  three-phase  circuit  feeds  an  induction  motor  as 
shown  in  Fig.  510.  The  current  in  each  line  wire  is  120  amp.  and  the  power 
taken  by  the  motor  is  40  kw.,  as  indicated  by  a  wattmeter.  What  is  the 
power-factor  of  the  circuit?  Solution. — p./.  =  0.58  X  P  -i-  Il  X  El  = 
0.58  X  40,000  -5-  120  X  220  =  0.878.  That  is,  the  power-factor  of  the  cir- 
cuit is,  say,  88  per  cent. 

Example. — Fig.  511  shows  a  three-phase  branch  circuit  carrying  energy 
from  a  distributing  center  to  a  load.  The  current  in  each  of  the  line  wires 
is  65  amp.  The  line  e.m.f.  is  220  volts  and  the  power-factor  of  the  load  is 
known  to  be  70  per  cent.  What  power  in  kilowatts  is  being  transmitted? 
What  horsepower?  Solution.— P  -  1.73  X  El  X  II  X  p.f.  «  1.73  X  220 
X  65  X  0.70  -  17,300  vxUte  -  17.3  kw.     17.3  kw.  +  0.746  -  23.4  k.p. 
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Example. — Fig.  512  shows  the  different  values  of  current  and  voltage  in 
a  certain  group  of  receivers  connected  in  Y  and  delta  on  a  three-phase  cir- 
cuit. A  study  of  this  illustration  will  be  of  great  assistance  in  fixing  in  mind 
the  voltage  and  current  relations  of  three-phase  circuits.    The  generator 


Fio.  511. — Three-phase  load  feeding  from  a  distribution  center. 

shown  may  be  either  F-  or  delta-connected  without  affecting  the  external 
results. 

820.  The  Three-phase  System  Is  Very  Widely  Applied  and  is 

now  usually  utilized  in  preference  to  any  other  system  for  the 


Fig.  512. — A  100-volt,  three-phase  line  showing  receivers  (lamps  and  transform- 
ers) connected  in  delta  and  in  F. 

transmission  of  electrical  energy  over  a  considerable  distance. 
It  is  simpler  than  the  two-phase  system,  is  more  economical  of 
copper  and  its  operating  performance  in  practice  is  quite  as 
satisfactory. 


SECTION  52 

TRANSFORMERS,  THEIR  PRINCIPLES  AND 
APPLICATIONS 

821.  The  Stationary  Transformer  is  a  device  (operating  by 
virtue  of  the  principle  of  mutual  induction,  Art.  454)  whereby 
the  energy  of  an  alternating-current  circuit  may  be  received 
at  one  voltage  and  delivered  at  a  higher  or  lower  voltage.  It 
is  really  an  alternating-current  induction  coil.  A  transformer 
is  one  of  the  most  important  electrical  devices — if  not  the  most 
important.  It  is  remarkably  simple  in  elementary  principle 
and  in  construction,  in  that  it  involves  no  moving  parts.  How- 
ever, some  of  the  reactions  that  occur  within  a  transformer  are 
extremely  compUcated  and  tedious  of  explanation.  Fortunately, 
these  complicated  phenomena  are  of  Uttle  importance  to  the 
practical  man. 

Note. — ^The  essential  features  of  the  theory  of  transformer  operation,  an 
understanding  of  which  will  enable  one  to  solve  the  most  frequently  en- 
countered transformer  problems,  are  relatively  simple  and  readily  under- 
stood. These  will  be  explained  in  the  following  articles.  The  transformer 
will  operate  only  with  alternating  current  and  will  not  work  with  direct  cur- 
rent. There  is  no  electrical  connection  between  the  primary  and  secondary 
windings.  They  are  electrically  independent  (except  in  the  balance  coil) 
but  are  magnetically  interconnected  by  the  alternating  flux. 

822.  Transformers  Are  Essential  in  the  Transmission  of 
Electrical  Energy. — If  electrical  energy  is  to  be  transmitted  with 
economy  over  any  considerable  distance,  the  transmission  voltage 
must  be  high,  so  that  the  line  losses  will  be  a  minimum.  How- 
ever, it  is  not  feasible  nor  desirable  to  utilize  high-voltage  elec- 
trical energy  for  electric  lamps,  niotors,  and  other  receiving 
appUances.  Furthermore,  it  is  not  feasible  to  generate  electrical 
energy  at  the  high  voltages  that  must  be  used  for  transmitting 
large  amounts  of  energy  over  great  distances.  Therefore,  where 
the  energy  is  generated  at  a  low  voltage,  a  step-up  transformer. 
Ay  Fig.  513,  is  used  for  raising  the  generator  voltage  to  one 
suitable  for  energy  transmission  and  then  a  step-down  trans- 
former, B,  is  appUed  for  again  decreasing  the  voltage  to  one 
suitable  for  utilization. 
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The  Three  Principal  Parts  of  a  Transformer  are,  Fig. 
514:  (1)  an  iron  core,  which  provides  a  circuit  of  low  reluctance 
for  the  magnetic  flux;  (2)  the  primary  winding,  that  which  re- 
ceives the  energy  from  the  supply  circuit;  and  (3)  the  secondary 
winding,  that  which  receives  energy  by  induction  from  the 
primary  and  deUvers  it  to  the  secondary  circuit. 

Note. — Where  possible  or  feasible,  misunderstandings  are  eliminated  if 
the  windings  are  referred  to,  respectively,  as  the  high-tension  or  high-voltage 
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Fio.  513. — niustrating  the  application  of  the  potential  transformer  to  electrical 
energy  transmission. 

winding  and  the  low-tension  or  low-voltage  winding.  Either  the  high  or 
the  low  may,  Fig.  513,  constitute  the  primary  or  the  secondary  winding  of 
a  transformer,  depending  upon  its  arrangement  in  the  circuit. 

824.  The  Iron  Cores  of  Transformers  are  in  practice,  to  insure 
maximum  economy,  laminated  to  minimize  eddy-current  losses 
and  are  usually  of  specially  prepared  siUcon  steels  because  of 
the  low  hysteresis  losses  which  occur  in  these  special  steels. 


Df  reef  ton  off/uj  -  ^,due 
'^:.  M  f^m^ry  Current 


Primstry    N^      ^ 
Winding 

Fig.  514. — Showing  the  principle  of  the  potential  transformer. 


Furthermore,  these  special  steels  can  be  used  for  long — probably 
indefinite — periods  in  transformer  cores  without  the  losses  in 
them  increasing,  whereas  if  ordinary  irons  or  steels  are  used, 
the  losses  in  the  cores  increase  as  the  term  of  service  of  the 
transformer  lengthens,  that  is,  such  steels  are  subject  to  "aging." 
826.  Current  Transformers  and  Voltage  Transformers,  Fig. 
515,  constitute  two  classes  into  which  these  devices  may  in 
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general  be  grouped.  With  voltage  transformers,  the  primary 
windings  are  connected,  Fig.  515,/,  in  multiple  across  the  supply 
mains.  With  current  transformers,  Fig.  515,//,  the  primary 
windings  are  connected  in  series  in  the  primary  circuit.  The 
characteristics  of  these  two  different  types  will  be  discussed  in 
the  articles  that  follow.  Inasmuch  as  the  voltage  transformer 
is  the  more  frequently  used,  it  will  be  considered  more  in  detail. 
826.  How  a  Voltage  Transformer  Transforms  Voltages  can 
be  understood  from  a  consideration  of  the  principles  of  mutual 
induction.  If  an  alternating  voltage,  Ep,  I^.  514,  is  impressed 
on  the  primary  winding  of  a  transformer — assuming  that  the 
secondary  circuit  is  open — an  alternating  current,  /p,  will  be 
impelled  in  this  winding  and  it  will  produce  in  the  core  of  the 
transformer  an  alternating  flux,  ^.  This  flux  (as  in  building  up 
it  expands  out  of  and,  asin  dying  down  it  contracts  back  into 


Consfetnt-Potenfiai  Mains , 
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Primary  Winding 


Transformer 


AlttrnaHng  4 
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515. — lUuBtrating  the  difference  between  a  voltage  or  potential  transformer 
and  a  current  transformer. 


the  primary  turns,  as  the  primary  alternating  current  increases 
and  decreases  in  intensity  and  changes  in  direction)  will  cut  the 
turns  of  the  secondary  winding.  Thereby  an  e.m.f.,  E^,  will  be 
induced  in  this  secondary  winding.  If  the  secondary  circuit 
be  closed  as  at  AB,  Fig.  514,  then  the  secondary  e.mi.,  J?„ 
induced  as  above,  will  impel  a  current,  /„  in  the  secondary  cir- 
cuit. The  intensity  of  this  current  will  be  directly  proportional 
to  the  secondary  e.mi.  induced  as  described,  and  inversely  pro- 
portional to  the  impedance  of  the  secondary  circuit,  that  is: 
/,  =  JJ,  +  Z„  wherein  Z,  is  the  impedance  of  the  secondary 
circuit. 

827.  How  the  Voltage  Transformer  Operates  will  now  be 
explained  by  referring  to  Fig.  516.  With  all  of  the  switches, 
K\  to  Ki  (Fig.  516)  open,  that  is,  with  the  secondary  circuit 
open,  the  primary  current  /,  will  be  so  small  as  to  be  relatively 
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negligible.  Hence,  it  may  be  stated  that,  when  the  secondary 
circuit  of  a  transformer  is  open,  there  is  practically  no  current 
in  its  primary  circuit.  Now  if  Xi  be  closed  connecting  one  lamp 
across  the  circuit,  the  secondary  e.m.f.  E,  induced  as  above 
described  will  impel  a  current  /«  in  the  secondary  circuit,  and 
furthermore,  the  anameter,  Apy  will  indicate  current  in  the 
primary.  But  the  primary  current,  /p,  will  always  in  a  step- 
down  transformer,  be  as  many  times  smaller  than  the  secondary 
current,  /„  as  the  number  of  primary  turns  is  greater  than  the 
number  of  secondary  turns,  as  explained  below.  In  a  step-up 
transformer,  the  primary  current  will  be  correspondingly  greater 
than  the  secondary  current. 

If  K%  be  also  closed,  doubling  the  secondary  current,  the 
primary  current  will  likewise  be  doubled.  If  all  five  switches, 
Ki  to  Ki,  are  closed,  increasing  the  secondary  current  five  times, 


Fio.  516. — Illustrating  the  operatioii  of  the  voltage  transformer. 

the  primary  current  wiU  also  be  increased  fivefold.  This  auto- 
matic action  of  the  primary  may  be  likened  to  a  reducing  valve, 
in  that  it  permits  only  enough  current  to  flow  to  just  supply  the 
requirements  of  the  secondary.  Why  this  occurs  is  explained 
below. 

828.  As  to  the  Theory  of  Transformer  Operation,  it  might 
appear  that  the  primary  winding,  because  it  has  relatively  low 
resistance,  would  short-circuit  the  primary  circuit,  and  so  it 
would,  if  a  direct  e.m.f.  were  applied. 

Explanation. — ^Although  the  resistance  of  the  primary  winding  is  low, 
its  inductance,  since  it  is  a  coil  wound  on  an  iron  core,  is  high.  Hence,  when 
an  alternating  e.m.f.  is  applied  across  the  primary  winding  it  induces  a 
counter  e.m.f.,  practically  equal  in  intensity  to  the  applied  e.m.f.,  Ep.  This 
prevents  current — except  a  very  small  ''magnetizing"  current — ^from  flow- 
ing in  the  primary.  This  magnetizing  current  is  sufficient,  however,  to 
develop  an  alternating  flux,  0,  in  the  core,  so  that  an  e.m.f.  is  produced  in 
the  secondary  by  ^  cutting  the  secondary  turns  and  so  that  the  counter 
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880.  The  Ratio  of  a  Transfonner  or  the  'Hum  ratio"  (A.  I. 
E.  E.  Standabdization  Rules)  is  the  ratio  of  the  number  of 
turns  in  the  high-voltage  winding  to  the  number  of  turns  in  the 
low-voltage  winding.  The  voltage  ratio  is  the  ratio  of  the 
primary  terminal  efifective  voltage  to  the  secondary  terminal 
effective  voltage.  The  current  ratio  is  the  ratio  of  the  primary 
current  (efifective)  to  the  secondary  current  (effective).  That 
is: 

(276)  Turn  ratio  = 


Nhv 


(276a)  Voltage  ratio  =  /• 

Ip 
(2766)  Current  ratio  =  y  • 

Is 

Examples  illustrating  the  above  ratio  values  are  given  in  Fig.  517. 

831.  The  Power,  Current,  Voltage  and  Power-factor  Rela- 
tions in  Transformer  Primary  and  Secondary  Windings  may  be 
readily  derived  from  the  fact  that  the  power  input  to  any  device 
must  be  always  equal  to  its  power  output,  plus  the  power  losses 
in  the  device.  Now  properly  designed  transformers  have  very 
small  losses — they  are  very  efficient.  Hence,  for  practical 
purposes,  it  can  be  assumed  that  the  power  input  to  the  primary 
of  a  transformer  equals  the  power  output  of  its  secondary.  That 
is: 

(277)  Pp  =  Ps  (watts) 

Now,  since  the  power  of  any  alternating-current  circuit  is: 
P  =  E  XI  X  p./.,  it  follows  that  Pp^  EpXIpX  V-U  Also, 
Pa  —  EsX  laX  p./.5  Hence  substituting  these  values  in  the 
above  (277)  equation: 

(278)  EpXIpX  p.f.p  =  EsXisX  vfa 
or, 

(279)  Pp  =  EsXisX  V'f'S 
and 

(279a)  Ps  =-  EpXipX  pj.p 

It  can  be  shown  (see  note  following)  that  p./.p  «=  p./.s.    Hence 

(280)  EpXip  --  EsX  Is 
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That  is,  primary  current  X  primary  voltage  >«  secondary  current 
X  secondary  voltage.    The  working  fonnulas  become: 

(281)  Ep  =  ^^^'  (voltB) 

(281a)  U  =  '^^^''  (amp.) 

(2816)  ^5  =  ^^^  (volts) 

(281c)  7,  =  ^'^^^'  (amp.) 

Wherein  the  symbols  have  the  same  meanings  above  given, 
except  that  la  =  current  in  secondary,  in  amperes,  eflfective. 
Ip  =  current  in  primary,  in  amperes,  eflfective.  Pp  =  power 
input  to  primary,  in  watts.  Ps  =  power  output  of  secondary, 
in  watts. 

EiCAMPLB. — ^The  input  to  a  transformer  is  8  kw.  The  secondary  e.m.f. 
is  220  volts  and  the  power-factor  is  80  per  cent.  What  is  the  secondary 
current?  Solution. — From  equation  (279)  above,  Pp  '^  Es  X  Is  X  pjst 
hence,  la  '^  Pp  -i-  Ea  X  p.f.a-  Then  substituting  in  this  equation,  la  - 
8,000  -s-  220  X  0.80  »  45.5  amp.  Hence,  the  current  in  the  secondary  in 
this  transformer  is  45.5  amp. 

Example.— The  primary  voltage  of  a  certain  transformer  is  2,200.  The 
primary  current  is  5  amp.  and  the  secondary  current  is  100  amp.  What  is 
the  secondary  voltage?  Solution. — From  equation  (2816)  above,  Ea  - 
EpXIp  -i-  la  ^  2,200  X  5  -MOO  -  110  volU. 

NoTB. — The  Proof  that  the  Power-factor  of  the  Primary  CiRcmT 
Equals  the  Power^factor  of  the  Secondary  CiRcmr  is  this:  Tlie  mag- 
netizing efifect  of  the  primary  ampere-turns  may  (if  the  primary  magnetizing 
current  which  is  relatively  very  small,  be  disregarded)  be  taken  as  equal  to 
that  of  secondary  ampere-turns.     That  is:  Ip  X  Np  -  la  X  Na^  or: 

But  from  equation  (274)  above,  Np  -i-'^Na  ^  Ep  -i-  Ea^  that  is: 
hence 

^'^'^  li-i: 

or 

(285)  laXEa  -^  IpX  Ep 

Then,  dividing  equation  (278)  above  by  (285),  thus: 

(286)  EpXhX  p./.p   ^  E.XI.X  p.U 

Ip  X  Ep  It  X  Et 
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(287)  the  result  is  pj.p  =  pj.a  (power-factor) 

Which  means  that  the  power-factor  of  the  primary  circuit  of  a  transformer 
equals  the  power-factor  of  the  secondary  circuit — ^if  the  magnetization  cur- 
rent and  losses  in  the  transformer  be  neglected.  These  can  be  neglected 
in  practice  with  little  error. 

832,  833.  The  Current  in  the  Primary  and  Secondary  Cir- 
cuits of  a  Transformer  Varies  Inversely  as  the  Voltage  of  the 
Winding  to  Which  It  is  Connected  and  Inversely  as  the  Number 
of  Turns  in  the  Winding. — This  statement  logically  follows 
from  the  previous  discussion;  in  fact  it  is  merely  a  statement 
in  words  of  the  meanings  of  equations  (280)  and  (282). 

834.  The  Counter  E.mi.  of  a  Transformer  may  be  computed 
(see  formula,  119,  Art.  739)  from  the  equation: 

KMia)  Ji^pc  -       100,000,000       ~  100,000,000 

Wherein,  Epc  =  counter  e.m.f.  of  transformer  winding  in  volts. 
/  =  the  frequency  of  the  circuit  in  cycles  per  second.  4>  =» 
the  total  flux  developed  in  the  core.  N  =  the  number  of  turns 
in  the  winding.  -4.=  the  area  of  the  core  in  square  inches.  Bir  = 
the  maximmn  flux  density  in  lines  per  square  inch,  that  is,  the 
flux  density  at  the  instant  when  the  exciting  current  is  a  maxi- 
mum. By  using  one  or  the  other  of  the  above  formulas,  and 
assuming  that  the  counter  e.m.f.  Epc  =  the  impressed  e.m.f. 
Epj  which  it  does  for  all  practical  purposes,  the  principal  dimen- 
sions of  a  transformer  may  be  determined.  The  above  formulas 
are  very  important  inasmuch  as  they  are  used  repeatedly  in 
connection,  not  alone  with  transformers,  but  also  with  induction 
and  synchronous  motors  and  other  alternating-current  apparatus. 

Example. — How  many  turns  should  be  used  in  the  primary  winding  of 
a  transformer  upon  which  an  e.m.f.  of  140  volts  is  to  be  impressed  at  a  fre- 
quency of  60  cycles?  The  core  upon  which  the  winding  is  to  be  served  has 
a  sectional  area  of  1^  sq.  in.,  and  a  maximum  permissible  flux  density  of 
35,000  lines  is  assumed.  Solution. — Substitute  in  the  equation  which  has 
been  solved  for  Ni 

/oftON  V     lOQ.QQQ.OQQ  x  Epc 100,000^000  xj4o^ 

^J»z;  IS  =.  ^^^  x/Xii  X  ^jf  ■"  4.44  X  60  X  1.625  X  35,000  ""  ^^^* 

Hence  the  primary  winding  of  this  transformer  should  have  924  turns. 

Note. — In  Designing  a  Transformer  the  flux  density  is  taken  at  a 
value  which  experience  shows  will  involve  iron  losses  that  are  as  small  as 
is  consistent.  Usually  Bjr  is  taken  as  30,000  to  40,000  lines  per  sq.  in.  of 
core  area.  The  number  of  primary  turns  is  selected  upon  the  basis  of  what 
experience  has  shown  desirable  and  may  be  computed  from  an  empirical 
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fonnula.*  Then  by  substituting  these  assumed  values  from  Bm  and  N  in 
the  formula,  the  area,  A,  of  the  core  required  can  be  computed.  To  design 
transformers  most  effectively,  that  is,  so  that  they  will  have  a  maximum 
efficiency  with  a  minimum  expenditure  of  material  is  a  specialized  art  and 
requires  much  experience  and  skill  for  its  successful  accomplishment. 

836.  Magnetic  Leakage  actually  occurs  in  a  transformer, 
although  it  has  been  disregarded  in  the  foregoing  discussion 
because  in  a  well-designed  transformer  its  effects  are  negligible 
from  a  practical  standpoint.  When  there  is  no  load  on  the 
secondary  of  a  transformer  (Fig.  518)  no  current  flows  in  the 
secondary  winding,  and  there  is  then  nothing  to  oppose  the 
creation  of  a  flux  in  the  core.  Hence,  at  no-load,  there  is  very 
little  leakage.  When,  however,  a  load  is  connected  across  the 
secondary  circuit  and  a  current  flows  in  the  secondary  winding, 
a  counter  flux  <f>sL  (Fig.  618)  is  created  by  its  secondary  current. 
This  counter  flux  opposes  the  flux  Himis^ui^  k> 

produced  by  the  primary  (Lenz's  C™^-^""^  ^V^^ 


/i^ 


S' 


one  particular  instant)  at  the  top  y\  ^1 


law)  as  suggested  by  the  arrows 
in  Fig.  518.    There  is  then  a  ten- 
dency toward  the  creation  of  mag-       |  ^  J  WM  t 
netic  poles  {N  and  S,  as  shown  at      ^le 
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and  bottom  of  the  core.    Under 
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these  conditions,  a  proportion  of     ua^^^^ffu^  u^hs^fta^ 

the  flux  produced  by  the  primary  Fio.     618.— Iliustratmg    magnetic 

.J.        .  X   J  r  u  n  leakage  in  a  voltage  transformer. 

Winding  IS  prevented  from  follow- 
ing a  circuit  around  through  the  core.  The  result  is  that  this 
primary  leakage  flux  0/»l  does  not  cut  the  secondary  turns  and  the 
secondary  is  reduced  accordingly.  Obviously  tlie  •  primary  leak- 
age flux  will  increase  with  the  load  on  the  secondary  which  tends 
to  cause  a  decrease  in  the  secondary  voltage  as  the  load  increases. 

836.  Magnetic  Leakage  May  Be  Largely  Minimized  by  so 
disposing  the  primary  and  secondary  windings  that  all  or  most 
of  the  flux  which  is  produced  by  the  primary  must  cut  the 
secondary  turns.  In  practice  this  is  accomplished  by  windjing 
the  primary  and  secondary  coils  over  one  another  as  suggested 
in  Figs.  619,  and  520,  or  by  winding  them  in  sections  and 
interleaving. 

837.  Core-type  and  Shell-type  Transformers  are  indicated 
diagrammatically  in  Fig.  521.  Those  of  the  core  type  are 
characterized  by  a  long  average  length  of  magnetic  circuit  and 

*  See    Pender,    Ambbican   Handbook    fob    Elbctbical   ENOiNSBBSf    p.    1618. 
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a  short  average  length  of  winding.  Those  of  the  shell  type  have 
a  short  average  length  of  magnetic  circuit  and  a  long  average 
length  of  winding.  The  result  of  this  condition  is  that  for  a 
given  output  and  performance  a  core-type  transformer  will  have 
a  smaller  area  of  core  and  a  larger  number  of  turns  than  will  a 
corresponding  one  of  the  shell  type.  Either  type  may  be  so 
designed  as  to  be  economical,  but  as  a  rule  the  core-type  con- 
struction is  more  economical  for  high-voltage  transformers  than 
is  the  shell-type. 


-^A       wmdtncf 
Off  Space 


-Of/  OiJCf 

FiQ.  519. — Phantom  view  of  a  typical  distributing  transformer  assembled. 

838.  The  Losses  in  the  Cores  of  Transformers  are  of  two  kinds : 
(1)  hysteresis  losses;  and  (2)  eddy-current  losses.  These  taken 
together  are  called  the  iron  loss,  since  they  both  occur  in  the 
iron  core  of  the  device.  The  hysteresis  loss  is  due  to  the  fact 
that  the  flux  in  a  core  is  constantly  alternating  and  power  is 
required  to  effect  reversals  of  polarity  in  the  iron.  The  eddy- 
current  losses  are  really  P  X  R  losses  in  the  iron,  due  to  the  cur- 
rents induced  in  the  material   by  the  alternating  flux.    To 
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Fia.  620. — Illustrating  typical  arrangement  of  transformer  primary  and  second- 
ary coils.     (Transformer  secondary  is  feeding  a  three-wire  sjrstem.) 


Shel  f  Type 
Fio.  521. — Illustrating  "core-type"  and  " shell-type *'  transformer  construction. 
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minimize  the  intensities  of  these  eddy  currents  and  consequently 
the  loss  due  to  them,  the  cores  are  laminated.  Since  the  alter- 
nating flux,  01  in  the  core  produces  both  of  the  iron  losses,  and 
since  this  flux  is  practically  constant  at  all  loads,  it  follows  that 
the  iron  losses  are  practically  constant  at  all  loads,  that  is,  they 
occur  whether  or  not  the  transformer  is  loaded. 

839.  To  Determine  the  Iron  Losses  in  a  Transformer,  the 
power  input  to  the  primary,  at  normal  voltage  and  frequency, 
with  the  secondary  open,  can  be  measured  with  a  wattmeter. 
The  reading  will  be  the  power  loss  in  watts  inasmuch  as  the 

PX  R  copper  loss  in  the  primary  winding  itself  will  be  negli- 
gible with  only  the  exciting  current  flowing  in  it. 

840.  The  Copper  Loss  in  a  Transformer  equals  the  sum  of  the 
Ii  X  B  losses  which  occur  in  the  windings.  Hence,  the  copper 
losses  may  be  readily  computed  for  any  load  by  multiplying  the 
square  of  the  current  for  that  load  in  the  primary  or  the  second- 
ary, respectively,  by  the  resistance  of  the  primary  or  secondary 
and  then  adding  together  the  two  values  thus  obtained.  That 
is,  copper  losSy  in  watts  =  (/J  X  Rp)  +  (/«  X  fl«). 

841.  The  Efficiencies  of  Transformers  are  very  high,  usually 
being  greater  than  95  per  cent.,  and  with  transformers  of  large 
capacity  greater  than  98  per  cent.  The  efficiency  of  a  trans- 
former may  be  expressed  as  a  formula,  thus: 

(288)     EMciencu  =  2!^^  ^ ^^JP^i 

•'^        ^         inpiU       ouipiU  +  copper  loss  +  iron  loss 

Example. — ^The  output  of  a  certain  transformer  is  50  kw.  Its  iron  loss 
is  320  watts  and  its  copper  loss  is  620  watts.  What  is  its  efficiency?  Solu- 
tion.— Substitute  in  the  equation, 

-  .  _    oiUpiU 

^        ^  "  outptU  4-  copper  loss  +  iron  loss 

^000  _  50,000 

60,"006  +  620  +  320  "  60,846  "  ^^'^   ^^  ^^^' 

842.  The  Three-phase  Transformer  is  ordinarily  arranged  sub- 
stantially as  shown  in  Fig.  622.  The  windings  for  all  three  of 
the  phases  are  placed  on  the  same  core,  which  usually  results  in 
a  material  saving  over  the  cost  of  three  single-phase  transformerfi 
of  equivalent  capacity.  Each  of  the  three  components  operates 
as  if  the  others  were  not  present.  The  windings  may  be 
connected  to  the  external  circuit  either  in  delta  or  in  Y. 

843.  The  Cooling  of  Transformers  is  necessary  to  dissipate  the 
heat  developed  due  to  the  losses,  above  referred  to,  which  occur 
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within  them.  Special  provisions  are  not  ordinarily  necessary 
for  the  cooling  of  very  small  transformers,  say  those  under  1 
kva.  capacity,  because  the  relatively  large  surfaces  which  they 
expose  to  the  surrounding  atmosphere  dissipates  the  heat  with 
sufficient  rapidity  to  prevent  the  windings  of  the  transformer 
attaining  a  temperature  which 
would  be  injurious.  Larger  trans- 
formers are  usually  placed  within 
steel  or  cast-iron  tanks.  Fig.  623, 
filled  with  oil.  The  oil  transfers 
the  heat  produced  within  the  core 
and  windings  to  the  iron  case 
which  is  usually  corrugated,  for 
capacities  from  60  to  600  kva.,  or 
in  larger  sizes,  from  600  to  2,000 


sMmMmm 

"iSeconc/arv  Coils  ^ 
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Fio.  622. — Diagram  illustrating 
, .        .  construction  of  a  three-phase  trans- 

kva.,  provided  with  radiating  former. 

pipes,  to  increase  their  effective  ~  " 

radiating  surfaces.  Not  only  does  the  oil  provide  a  medium 
for  the  dissipation  of  heat,  but  it  also  provides  additional 
insulation  between  parts  of  the  transformer  winding  which 
operate   at   different   potentials.     The  exposed  surface  of  the 
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(Cover  Remoyedj 

FiQ.  523. — Illustrating  typical  distributing  transformer  construction. 


case  can  be  in  many  instances  made  ample  and  thus  effectively 
dissipate  all  the  heat  produced.  In  very  large  transformers, 
capacities  greater  than  2,000  kva.,  cooling  coils  through  which 
water  is  circulated  are  submerged  in  the  oil  within  the  tank. 
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Sometimes  where  real  estate  is  expensive,  and  hence  floor  space 
must  be  economized,  air-blast  transformers  are  used  for  pressiu'es 
less  than  30,000  volts.  These  are  cooled  with  a  current  of  air, 
circulated  past  the  core  and  windings  by  a  blower. 

844.  The  Current  Transformer  is  different  from  the  shunt  or 
voltage  transformer  only  in  the  method  of  its  application.  With 
the  current  transformer.  Figs.  515,7/,  and  524,  the  impedance 
of  the  secondary  circuit  is  ordinarily  constant,  hence,  any  change 
in  load  that  occurs  must  be  due  to  a  simultaneous  change  of 
primary  current  and  voltage.  In  designing  a  series  transformer, 
little  attention  is  concentrated  on  the  ratio  of  the  primary  power 
input  to  the  secondary  power  output.    However,  there  should  be 

a  definite  ratio  between  the  primary 
amperes  and  the  secondary  amperes. 
845.  The  Important  Applications 
of  Current  Transformers  are  for 
electrical  instrument  circuits.  Fig. 
524,  and  for  series  street  lighting. 
Their  function  when  used  with  in- 
strument circuits  is  to  produce 
through  the  instrument  a  current 
/,  (Fig.  524)  proportional  to,  but 
of  much  less  intensity  than,  the 
main  current,  Ip,  which  is  being 
metered.  Furthermore,  where  a 
current  transformer  is  used,  the 
high  voltage  of  the  main  circuit  is 
not  impressed  on  the  instrument. 
In  practice,  all  instrument  current  transformers  are  usually  so 
designed  that  when  full-load  current  flows  in  the  primary  wind- 
ing, a  current  of  5  amp.  will  flow  in  the  secondary.  The  in- 
struments which  are  used  with  them  are  so  calibrated  that  their 
pointers  will  show  a  full-scale  deflection  with  5  amp.  flowing 
through  the  instrument. 

Example. — A  2,400-amp.  current  transformer  has  a  ratio  of  480  to  1. 
That  is,  with  a  current  of  2,400  amp.  in  its  primary  circuit,  there  will  flow 
in  the  secondary  circuit:  2,400  amp.  +  480  «  5  amp.  The  ammeter  used 
with  this  transformer  would  have  its  scale  so  calibrated  that  when  a  current 
of  5  amp.  flowed  through  it  the  pointer  would  indicate  2,400  amp. 

846.  Current  Transformers  for  Series-incandescent-lighting 
Circuits  are  applied  as  suggested  in  Fig.  515,77,  for  providing 
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5  24. — Current  transformer 
serving  an  ammeter. 
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a  current  through  the  lamps  of  greater  or  lesser  intensity  than 
the  constant  current  flowing  in  the  main  curcuit. 

847.  Distributing  Transformers,  so-called,  are  those  for  capaci- 
ties up  to  possibly  200  kva.  and  primary  pressures  up  to  17,500 
volts,  which  are  used  for  the  distribution  of  energy  at  secondary 
low  voltages — 500  or  lower — from  high-voltage  mains.  Figs. 
519  and  523  indicate  typical  construction  for  transformers  of  this 


H-PrimarY  in  Multiple 
Three -Wire  Secondary 


T-Primary  in  Series 
Secondary  in  Multiple 


H-Primary  in  Series 
Secondary  in  Series 


Fio.  525. — Showing  standard  arrangement  of  the  primary  and  secondary  wind- 
ings of  distributing  transformers. 

class.  They  are  usually  arranged  (Fig.  625)  with  two  primary 
and  two  secondary  coils  all  on  th^same  core.  With  this  arrange- 
ment, a  given  transformer  may,  for  example,  with  its  primary 
windings  in  parallel,  be  used  on  a  1,100-volt  primary  circuit 
(Fig.  625,77/)  and  with  the  coils  in  series  on  a  2,200-volt  primary 
circuit  (7  and  77).     Furthermore,  the  secondary  coils  may  be 
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Fig.  526. — Connections  of  transformers  on  a  three-phase  line. 

connected  either  in  series  or  in  parallel,  providing  a  secondary 
e.m.f.  o£  220  or  of  110  volts,  or  a  three-wire  e.m.f.  of  110  to  220 
volts,  see  Fig.  525. 

848.  The  Connecting  of  Transformers  is  a  subject  about  which 
a  book  could  easily  be  written;  the  possibilities  are  almost  end- 
less. In  the  author's  American  Electricians'  Handbook  arc 
shown  a  large  number  of  the  different  combinations  ordinarily 
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encountered.  Fig..  525  shows  the  connections  most  frequently 
used  for  single-phase  distributing  transformers.  In  Fig.  526 
are  shown  four  methods  of  connecting  single-phase  transformers 
to  three-phase  mains,  so  that  three-phase  secondary  e.m.fs.  of 
different  intensities  may  be  obtained. 

849.  The  Auto-transformer  is  shown  diagrammatically  in 
Fig.  527.  If  a  winding,  AD,  on  an  iron  core  be  connected  across 
an  alternating-current  supply  main  of  an  e.m.f.  JPi,  any  lower 
e.m.f.,  Ei  or  JEj,  may  be  obtained  from  the  coil  by  tapping  it  as 
•suggested.  The  e.m.f.  E^  will  then  be  proportional  to  the 
number  of  turns  between  C  and  D.  The  e.m.f.  E%  will  be  pro- 
portional to  the  number  of  turns  between  D  and  B,  It  follows 
then  that: 
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Fig.  527. — The  auto  transformer. 


Transformtr  Cast 

Fio.  528. — A  transformer  booster. 


(289)  E\  is  to  E2  as  Ni  is  to  Ni,  and  as  1 2  is  to  h. 
Also: 

(290)  El  is  to  Ei  as  Ni  is  to  Nt,  and  as  Iz  is  to  h. 

The  auto-transformer  is  very  efficient  and  is  economical  wheie  the 
ratio  of  transformation  is  not  great.  The  principles  of  its  opera- 
tion and  its  applications  are  more  fully  discussed  in  the  author's 
American  Electricians'  Handbook. 

Example. — The  auto-transformer  winding  i4D  in  Fig.  527  has  10  turns, 
and  an  e.m.f.  of  100  volts  impressed  across  it.  If  6  of  the  turns,  CD,  are 
tapped,  what  would  be  the  voltage  across  CDy  and  if  a  current  It  of  20  amp. 
flows  in  the  secondary,  what  will  be  the  current  in  the  primary  circuit,  /i? 
Solution.—^,  lEiiiNtiNi)  therefore,  Ej  =  iV,  X  ^1  -5-  iVi  =  6  X  100 
-J-  10  =  6.0  volU.  That  is,  the  pressure  across  CD  would  be  6.0  volts. 
Also  /i  :  /,  ::  iV, :  Ni.  Then,  /i  =  iV,  X  /»  +  iVi  =  6  X  20  -MO  =  12 
amp.     That  is,  the  current  in  the  primary  circuit  will  be  12  amp. 
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860.  A  Booster  Transformer  is  diagrammed  in  Fig.  528.  If  a 
transformer  be  arranged  in  a  circuit  with  its  primary  winding 
connected  across  a  constant  voltage  of  the  circuit  Ep  and  its 
secondary  winding  in  series  with  the  circuit,  the  voltage  impressed 
on  the  load  will  be  increased  by  the  amount  of  the  e.m.f.  Eg 
induced  in  the  secondary  winding.  That  is,  the  voltage  impressed 
on  the  load  El  =  Ep  +  Eg. 

Example. — If  a  transformer  having  a  primary  winding  designed  for  2,200 
volts  and  a  secondary  winding  designed  to  deliver  220  volts  be  connected 
in  a  2,200-volt  alternating-current  circuit  as  a  booster  as  shown  in  Fig.  528,. 
what  would  be  the  e.m.f.  impressed  on  the  load?  Solution. — The  second- 
ary  winding  will  develop  220  volts.  This  added  to  the  voltage  impressed 
on  the  line  =  (2,200  +  220)  =  2,420  voUs,  which  will  be  the  pressure  on 
the  load. 

861.  The  Induction  Regulator,  Fig.  529^  is  really  a  booster  trans- 
former, so  arranged  that  the  e.m.f.  induced  in  its  secondary . 
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Fio.  529. — The  induction  regulator  and  its  action. 


winding  may  be  varied  at  will  within  the  range  for  which  it  is 
designed.  The  device  is  shown  diagrammatically  in  Fig.  629, 
which  indicates  top  views.  The  stationary  windings  are  ar- 
ranged on  a  hollow  cylindrical  laminated  iron  core.  The  movable 
winding  is  mounted  on  a  laminated  iron  cylinder  within  the 
stationary  windings.  With  the  movable  coil  in  the  position 
shown  at  Fig.  529,7,  the  voltage  induced  in  the  secondary, 
.^2,  is  a  maximum,  because  then  practically  all  of  the  flux  induced 
by  the  stationary  coils  passes  through  the  movable  coil.  If, 
however,  the  movable  coil  be  turned  to  position  //,  practically 
none  of  the  flux  produced  by  the  stationary  coils  cuts  the  movable 
coil.  Then  the  voltage  induced  by  the  moyable  coils  is  zero. 
Hence,  with  this  device,  JP2,  the  voltage  added  to  the  impressed 
voltage  JEi,  may  be  made  any  desired  value  between  zero  and  a 


622 


PRACTICAL  ELECTRICITY 


[Art.  852 


maximum.  Automatic  induction  r^ulators  can  be  obtained 
wherein  the  movable  core  is  turned  by  a  small  motor  with  a  relay. 
The  arrangement  is  so  adjusted  that  when  the  line  current  in- 
creases, the  ''boosting"  effect  of  the  regulator  is  increased  and 
when  the  line  current  decreases,  its  boosting  effect  is  decreased. 
Thus,  with  a  constant  or  varjring  e.m.f.  impressed  on  the  r^u- 
lator,  the  e.m.f.  impressed  on  the  load  can  be  maintained  constant, 
even  though  the  load  varies  through  a  wide  range. 

862.  A  Constant-current  Regulating  Transformer  is  a  device 
for  maintaining  a  current  of  constant  intensity — 6.6  amp.  for  ex- 
ample— ^in  a  secondary  circuit.  Constant-current  transformers 
are  utilized  widely  for  series  and  incandescent  arc  lighting  cir- 
cuits.   Fig.  530  indicates  diagrammatically  the  construction. 
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Fig.  530. — Constant- current  regulating  transformer. 


Explanation. — The  primary  coil  is  stationary  and  has  impressed  on  it 
the  constant  voltage  of  the  supply  circuit.  The  secondary  coil  is  free  to 
move  and  is  counterbalanced.  A  dashpot  prevents  sudden  movement  and 
jumping.  With  the  secondary  circuit  open  the  coils  lie  close  together,  and 
practically  all  of  the  flux  generated  by  the  primary  coil  cuts  the  turns  of 
the  secondary  coil.  Now,  if  the  secondary  circuit  be  closed,  current  will 
flow  through  it  and  through  the  secondary  coil.  There  will  then  be  a  re- 
pulsive action  (Lenz's  law,  see  index)  between  the  two  coils  and  the  second- 
ary will  be  forced  away  from  the  primary  coil.  As  it  is  forced  away  the 
magnetic  leakage  between  the  coils  increases.  Fewer  turns  cut  the  second- 
ary coil  and  it  induces  a  smaller  e.m.f.  It  will  move  away  from  the  primary 
until  it  is  at  such  a  distance  therefrom  that  its  voltage  is  just  sufficient  to 
force  the  current,  which  the  regulating  transformer  is  designed  to  maint^n, 
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through  the  secondary  circuit.  If  lamps  are  cut  out  of  the  secondary 
circuit,  the  secondary  current  tends  to  increase  so  that  the  coils  are  forced 
further  apart  to  another  position  at  which  the  voltage  induced  in  the  second- 
ary will  be  just  sufficient  to  impel  the  normal  secondary  current.  K  lamps 
are  connected  into  the  secondary  circuit,  it  tends  to  decrease  the  secondary 
current,  thus  permitting  the  coils  to  come  closer  together  until  they  assume 
a  new  position  in  which  the  flux  that  cuts  them  will  just  be  sufficient  to 
induce  a  voltage  that  will  force  the  normal  current  through  the  circuit. 

863.  The  Principle  of  the  In- 
duction Furnace  is  shown  in  Fig. 
531.  jThe  primary  winding  is 
arranged  on  an  iron  core  as  with 
any  other  transformer.  The 
secondary  winding  in  this  case 
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Fig.  531. — Illustrating  the  principle 
of  the  induction  furnace. 
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Fig.     632. — Principle    of    the    electric 
welder. 


is  merely  a  ring  of  the  metal  which  is  to  be  melted.  The  resistance 
of  this  metal  ring  is  exceedingly  low,  hence  a  relatively  enormous 
current  will  be  impelled  in  it  by  the  voltage  induced.  This 
current  will  heat  the  metal  to  fusion.  By  varying  the  impressed 
voltage,  the  intensity  of  the  heat  produced  may  be  controlled. 

864.  The  Electric  Welder  operates  on  the  principle  diagrammed 
in  Fig.  632,  The  metal  pieces  to  be  welded  together,  A  and  B, 
are  so  clamped  in  jaws  that  they  form  a  part  of  the  path  of  the 
secondary  circuit.  When  the  two  pieces  are  forced  together  with 
pressure  in  the  directions  indicated  by  the  arrows,  intense  heat 
is^l^developed  at  their  junction.  This  fuses  the  metal  to  the 
welding  temperature. 


SECTION  53 
THREE-WIRE  DISTRIBUTION  AND  SYSTEMS 

866.  The  Three-wire  System  Is  Used  Because  It  Saves 
Copper  (see  Figs.  533  and  536). — ^Incandescent  lamps  for  110 
volts — ^more  or  less — ^are  more  economical  and  efficient  than  those 
for  higher  voltages.  A  circuit  carrying  any  considerable  load 
and  operating  at  the  low  pressure  of  110  volts  would  require  very 
large  conductors  to  maintain  the  I  X  R  or  line  voltage  and  the 
P  X  R  power  loss  in  the  line  within  reasonable  limits.  With  the 
three-wire  system,  a  low  voltage,  say  110,  is  impressed  on  the 
receivers — incandescent  lamps — while  one  twice  as  great,  say 
220,  is  used  for  transmission.     Since  the  weight  of  the  metal  in 
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Fig.  533. — 110-volt  lamps   arraoged 
in  multiple  series  across  220  volts. 
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Fig.  534. — Balancing     wire    '*AB" 
arranged  between  lamps. 


conductors  for  a  given  power  loss  varies  inversely  as  the  square 
of  the  voltage,  it  is  evident  that  a  considerable  saving  in  conductor 
material  is  possible  with  the  three-wire  system.  In  this  country 
the  three-wire  system  is  of  greatest  imp(Wtance  as  appUed  to 
110  to  220-volt  lighting  systems. 

866.  The  Principle  of  the  Three-wire  System  is  illustrated 
in  Figs.  533  to  536.  Incandescent  lamps  for  100  volts  could  be 
connected  two  in  series  across  220  volts  as  shown  in  Fig.  533,  and 
while  each  lamp  would  operate  at  110  volts,  the  energy  of  the 
gi-oup  would  be  transmitted  at  220  volts,  and  the  outside  con- 
ductors could,  with  equal  loss,  be  but  one-fourth  the  size  that 
would  be  necessary  if  the  energy  were  transmitted  at  110  volts. 
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This  arrangement  (Fig.  533)  while  it  would  operate,  is  not  com- 
mercially feasible  because  each  lamp  (of  each  pair  of  lamps  in 
series)  must  be  of  the  same  size  and  if  one  lamp  — Li,  for  ex- 
ample— goes  out,  its  partner,  L2,  is  also  extinguished.  These 
disadvantages  might  be  partially  corrected  by  installing  a  third 
or  balancer  wire  as  at  Fig  634.  Then  one  lamp  might  be  turned 
off  and  the  others  would  burn.  Also,  a  single  lamp  might  be 
added  to  either  side  of  the  system,  between  the  third  wire  and 
either  of  the  outside  wires.  But  unless  the  total  resistance  of 
all  of  the  lamps  connected  to  one  "side  circuit, "il 2,  was  practi- 
cally equal  to  that  of  all  of  the  lamps  connected  to  the  other 
"side  circuit,"  B,  the  voltage  across  one  side  circuit  would  be 
higher  than  that  across  the  other.  On  the  side  having  impressed 
on  it  the  higher  voltage  the  lamps  would  burn  brightly  and  on  the 
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Fio.  636. — Three- wire,  direct-current  circuit.  (Each  lamp  is  supposed  to 
have  a  resistance  of  1 10  ohms  so  that  it  passes  1  amp.  when  110  volts  is  impressed 
across  it.) 


side  of  the  lower  voltage  they  would  burn  dimly.  Obviously, 
it  is  not  feasible  in  practice  to  so  arrange  or  "balance''  the  side 
circuits  that  they  will  have  the  same  resistance.  Hence,  some 
other  method  must  be  used  in  practicable  three-wire  systems 
whereby  the  electricity  will  be  transmitted  at  say  220  volts,  and 
the  pressure  across  the  lamps  will  be,  say,  110  volts. 

867.  Commerical  Three-wire  Systems  consist  (Figs.  535  and 
536)  of:  (a)  Two  outer  conductors  (Lj  —  L2  and  Lj  —  L4,  Fig. 
535)  having — ^for  lighting  installations — a  pressure  of  220  volts 
impressed  across  them;  and  (6)  a  neutral  wire  (Ni  —  N2)  so 
connected  to  sources  of  voltage  that  the  pressure  between  it  and 
either  of  the  outside  wires  is  110  volts.  In  Fig.  535,  direct- 
current  generators  are  the  sources  of  voltage.  The  neutral  wire 
joins  at  the  point,  iVi  where  the  generators  are  connected  to- 
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gether.  When  the  system  is  perfectly  balanced,  the  neutral 
wire  carries  no  current  and  the  system  is  then,  in  effect,  a  220- 
volt  system.  Perfect  balance  seldom  obtains  in  practice. 
When  the  balance  is  not  perfect,  the  neutral  wire  conveys  a  cur- 
rent equal  to  the  difference  between  the  current  taken  by  one  side 
circuit  and  that  taken  by  the  other  side  circuit.  Note  from  Fig. 
536,  that  the  current  in  different  parts  of  the  neutral  wire  may  be 
of  different  intensities  and  that  it  is  not  necessarily  in  the  same 
direction  in  all  parts  of  the  neutral  wire.  Each  incandescent 
lamp  in  Fig.  536  is  assumed  to  take  1  amp.  and  the  small  figures 
indicate  the  currents  in  different  parts  of  the  circuit. 

Note. — A  three-wire  circuit  may,  in  a  sense  be  considered  as  a  combina- 
tion of  two,  two-wire  circuits.  Thus,  the  two  circuits  of  Fig.  537  would 
transmit  the  electrical  energy,  to  the  eight  incandescent  lamps  which  they 
serve,  as  satisfactorily  as  does  the  equivalent  three-wire  circuit  of  Fig.  535. 

However,  the  Fig.  535  arrangement 
/ncanc/esctnt  Lamps  would,  as  will  be  shown,  require  much 

9 A    .^^€A      ^^^  ■ — J     less  copper  in  the  line  conductors  for 


SA^  A  A^      ^  given  watts  power  loss,  and  a  given 

I  ^Y  ?  T   T  ^      percentage  voltage  drop  than  would 

•'/'r'^A^     ■    ^^  /V  •      that  of  Fig.  537.    The  small  numerals 

BA\^   ^  2A\^        M\^  ^     indicate   the   current  intensities,  in 

amperes,  in  the  different  parts  of  the 

circuits  in  the  two  illustrations. 

^^^Amperef^^     '^^^  868.  A  Thrce-wire  Cifcuit  wlth 

Fio.  536.— Showing  the  distribution   the  Neutral  the  Same  Size  as 
of  current  in  a  three-wire  system.      ^^  Outers  Requires  Only  Three- 

eighths  the    Copper   Required 
for  an  Equivalent  Two-wire  Circuit  providing  the  same  percent- 
age volts  line  drop  and  the  same  watts  power  loss.    The  reason 
for  this  may  be  derived  from  a  consideration  of  the  three-wire 
circuit  of  Fig.  635  and  the  equivalent  two  two-wire  circuits  of 
Fig.  537.    It  is  evident  since  there  is  a  current  of  4  amp.  to  the 
leji  in  section  Li  —  JV4  (of  Fig.  537)  and  a  current  of  4  amp. 
to  the  nghi  in  section  L9  —  JVs  that  there  will  be  no  current  ii 
section  iVi  —  Hi  of  Fig.  535.    This  follows  because  the  three- 
wire   circuit  is   "balanced."    With   the  arrangement  of  Fi^ 
535,  one  less  wire  is  required  than  with  that  of  Fig.  537.    Now^j 
the  current  in  the  outer  line  wires  is  4  amp.,  both  in  the  threq^ 
wire  circuit  of  Fig.  535,  and  in  the  equivalent  two  two-wiie^ 
circuits  of  Fig.  537.  \ 

However,  in  Fig.  535,  the  4-amp.  line  current  traverses  only 
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half  the  length  of  line  conductor  that  the  4-amp.  currents  in 
Fig.  537  traverse,  because  no — or  practically  no — current  flows 
in  the  neutral  wire.  Hence  the  line  wires  in  Fig.  535  may  be 
one-half  the  size  of  those  in  Fig.  537,  for  the  same  percentage 
voltage  drop.  Therefore,  since  three-fourths  the  number  of 
wires  is  required  for  Fig.  535  as  for  Fig.  537,  and  since  each  of 


'•—4  Amperes'* —  3A  2A  lA 

Fio.  637. — Two  two-wire  direct-ciirrent  circuits. 


these  wires  may  be  one-half  the  size  of  that  necessary  in  Fig. 
537,  the  amount  of  copper  in  Fig.  535  is :  H  X  ^  =  %  that  neces- 
sary in  Fig.  537  for  the  same  percentage  drop — ^it  being  assumed 
that  the  neutral  is  made  the  same  size  as  the  outer  wires.  The 
neutral  may  frequently  be  made  smaller  than  the  outer  wires, 
as  outlined  later. 


Dtrwef'Cvrrtinf 

&ermraf^t 


LofTpS 


40fim^ 


W ^Chms: '■■■>l 

Volts  Drop-hR-axf/HMfil'ieVo/ts  Votts  Drop'I%R'4K(4-t4)'4KB^n\hlH 

Perx:tnfogeOrop^f26-UO)He6'l2.7%  Percenfogr€lkop'^Si-220^2Si'/2.7% 

Pti*wLMS'I^TR'^j^x7M)'64A2'/e8mrtfs       Power  lx>Si'I^AR'^4)j44't4}'fM't28Wom 

I-Two-Wire  Circurt  D-Three-Wire  Orcuit 

Fifr.  638. — Showing  a  comparison  of  volts  line  drop  and  watts  power  loss  in 
equivalent  two-wire  and  three-wire  circuits. 


lilxAiiPLE. — CJonsider  the  110-volt  two-wire  circuit  of  Fig.  638|/,  and  the 
*uivalent  three-wire  circuit  of  //.  The  transmission  distance  is  the  same 
)r  each  of  the  two  circuits.  The  load — eight  incandescent  lamps  each 
jJdng  110  watts— is  the  same  on  7  as  on  77.  Referring  to  the  two-wire 
ircuit  of  7:  Each  of  the  line  wires  is  assumed  to  have  a  resistance  of  1  ohm. 
:>ince  each  lamp  takes  a  current  of  1  amp.,  the  line  current  is  8  amp.  Hence, 
iS  indicated,  the  line  drop  is  16  volts,  the  percentage  line  drop  is  12.7  per 
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cei^t.  and  the  line  power  loss  is  128  watts.  If  it  be  assumed  that  each  line 
wire  weighs  50  lb.,  the  total  weight  of  the  two  line  wires  wiU  be  100  lb. 

If  a  110  to  220-volt  three-wire  circuit  is  arranged  to  transmit  the  same 
power  with  the  same  loss,  it  will  have  the  characteristics  diagrammed  in  //. 
Since  it  is  in  effect  a  220-volt  circuit,  the  current  will  be  half  of  that  of  the 
.  circuit  of  /.  Since  power  loss  in  a  conductor  =  /'i2,  if  the  current  is  halved, 
a  conductor  of  four  times  the  resistance  wiU  carry  it  (the  current)  with  the 
same  power  loss  and  with  the  same  percentage  voltage  loss.  Thus,  for  the 
same  line  power  loss  and  the  same  percentage  voltage  drop,  as  in  /,  the  outer 
wires  of  7/  will  each  have  a  resistance  of  4  ohms. 

There  is  no  drop  or  loss  in  the  neutral  wire  since — the  load  being  balanced 
— it  carries  no  current.  Then  as  indicated,  the  line  drop  is  32  volts  but  the 
percentage  volts  drop  is  12.7  per  cent. — the  same  as  in  /.  The  power  loss 
is  128  watts,  ihe  same  as  in  /,  Each  outer  wire  of  77,  since  it  has  four  times 
the  resistance  of  an  outer  of  7,  will  have  a  weight  of :  ^  X  50  »  12.5  lb. 
If  the  neutral  is  made  the  same  size  as  the  outers,  the  total  weight  will  be : 


V  4  Ga/fons  per  Minute  -*- 


,f00^  Lwrenrpr/  ^>' 

i        Side  Current  A  [      §J 


Side  Currents 


W:)iaeuurrenTD$s  'f^ 

Drive  1*2  « 

Oredien  of  Current    g?  §- 

-^r-|    ^i     J-.  Jt- 


-^4  Gallons  per  kUoute^^  J6.  26.  IG.  Lm 

FiQ.  639. — Hydraulic  analogy  to  a  three- wire,  direct-current  circuit. 


3  X  12.5  =  37.5  lb.  Now  37.5  lb.  is  three-eighths  of  100  lb.,  hence  the  three- 
wire  circuit  of  77  transmits  the  same  power,  the  same  distance  with  the  same 
power  loss  and  same  percentage  voltage  drop  as  does  the  two-wire  circuit 
of  77 — ^but  with  three-eighths  the  weight  of  conductor. 

869.  If  the  Neutral  Wire  Is  Made  Half  the  Size  of  the  Outers, 
only  31.3  per  cent,  of  the  copper  is  required  that  would  be  neces- 
sary for  a  two-wire  system  transmitting  the  same  power  the  same 
distance  with  the  same  power-line  loss  and  percentage  voltage 
drop.  If  the  neutral  is  made  one-third  the  size  of  the  outers,  the 
relative  weight  of  copper  is  then  29.2  per  cent. 

860.  A  Hydraulic  Analogy  of  a  Three-wire  Circuit  is  shown  in 
Fig.  539.  The  two  rotary  pumps,  connected  in  series,  are  analo- 
gous to  two  direct-current  generators  connected  in  series  for 
three-wire  service.  The  pipe  lines  Lis,  Lu  and  Lis,  Lie  correspond 
to  the  outer  wires  of  a  three-wire  circuit.  The  pipe  line  iV4,  Ni 
corresponds  to  the  neutral  wire  in  a  three-wire  circuit.    The 
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current  of  weightless  incompressible  fluid  in  the  pipe  circuit — 
analogous  to  a  current  of  electricity — will  be  impelled  as  shown  by 
the  arrows.  The  circulation  is  due  to  the  hydraulic  pressure 
(voltage)  developed  by  the  pumps.  No  fluid  flows  in  the  neutral 
between  Na  and  Nt  because,  with  the  circuit  balanced  as  shown, 
there  is  no  difference  in  hydraulic  pressure  between  these  two 
points.  The  small  numerals  with  the  letters  ''G "  following  them, 
indicate  the  gallons  per  minute — analogous  to  amperes — flowing 
in  the  different  parts  of  the  circuit. 


i?0-iAf/f 


,  Balance  Coil 


'->ismfii 


Fio.  640.-— A  220-volt  generator  and 
a  motor-generator  balancer. 


llCHMt  Three  -  VWre  Generator     Incandescent  Lompj 

Fio.  641. — Three- wire  generator. 


861.  Where  the  Balance  Is  and  Always  Will  Be  Perfect,  No 
Neutral  Wire  Is  Necessary. — In  out-of-door  distribution  systems 
the  neutral  is  often  made  one-half  the  size  of  the  outer  wires. 
For  interior  wiring,  the  neutral  is  usually  made  the  same  size  as 
the  outers,  where  the  outers  are  of  No.  6  A.W.G.  or  smaller  wire. 
Where  the  outers  are  larger  than  No.  6,  the  neutral  is  usually 
selected  so  as  to  have  about  two-thirds  the  sectional  area  of  one 
of  the  outers.  See  the  author's  American  Electricians' 
Handbook. 


Fig.  542. — Small  rotary  converter  used  as  a  balancer. 

862.  The  Amotmt  of  Unbalance  That  May  Come  on  a  Three- 
wire  Circuit  depends  on  local  conditions.  In  ordinary  three-wire 
lighting  systems  the  unbalanced  load  seldom  exceeds  10  per  cent, 
of  the  total  load.  Probably  5  per  cent,  is  a  fair  average  for  a 
well-laid-out  system.  Balancer  sets"  for"  interior  three-wire 
systems  are  frequently  specified  of  suflScient  capacity  to  take  care 
of  a  10  per  cent,  unbalance.  Sometimes  the  unbalance  on  a 
poorly  laid  out  system  may  be  20,  30  per  cent.,  or  even  more. 
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The  Methods  of  Obtaining  Three-wire  Voltages  will  now 
be  discussed.  That  suggested  in  Fig.  636,  while  excellent  for 
certain  conditions,  is  not  economical  for  small  installations  be- 
cause the  operation  of  two  generators  is  necessary.  Its  first  cost 
is  more  and  its  efficiency  is  less  than  with  an  arrangement  requir- 


Sforape  BaHents 

Fig.  643. — A  220-volt  generator  in  combination  with  two  storage  batteries  for 
obtaining  three-wire  voltages. 

ing  the  use  of  but  one  generator.  The  advantage  of  a  two-gen- 
erator installation  (Fig.  636)  is  that  any  percentage  of  unbalance 
up  to  the  capacity  of  on6  generator  can  be  handled  by  it.  The 
important  methods  of  obtaining  three-wire  voltages  are  listed  in 
the  following  table: 

Bo/once  Cot/s 


I- Transformer 


n- Bo  lance  Coils 


Fio.  544. — Methods  of  obtaining  three-wire  voltages  with  transformers  and 

balance  coils. 

864.  Arrangenients  for  Deriving  Three-wire  Voltages: — 


1.  A   220-volt   generator   in   combination    with   a   motor- 
generator  balancer  set,  Fig.  540. 

2.  A  three-wire  or  Dobrowolsky  generator,  Fig.  541. 
Direct      <  3.  A  220-volt  generator  in  combination  with  a  small  rotary 
current      |        converter,  Fig.  542. 

4.  A  220-volt  generator  in  combination  with  storage-battery 
balancersi  Fig.  543. 


Alternating 
current 


1.  With  a  transformer,  Fig.  544,7. 

2.  With  an  auto-transformer  or  balance  coil,  Fig.  544,//. 
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866.  If  the  Neutral  Wire  Opens  in  a  Three-wire  Circuit,  the 

lamps  (Fig.  545)  on  the  side,  A  having  the  most  lamps  connected 
to  it,  will  burn  dimly  or  at  under  voltage,  while  the  lamps  con- 
nected to  the  side  having  the  least  number  of  lamps,  B,  will  burn 
brighter  than  normal  or  at  over-voltage.  Any  device,  a  motor, 
C,  for  instance,  connected  to  the  two  outside  wires  will  operate 
normally. 

Accidental  Sround 


hHm 


iSoyreej 


I 


-X 


■^■r    Sourci 


Irit^nt^iC^M  Larnp  io<t& 


Fia.  645. — Open  neutral  in  a  three-wire 
circuit. 


mm 

no  Volt  Lamp 

FiQ.  546. — Ground    on    three-wire 
system  outer  wire. 


If  One  Side  of  a  Lamp  on  a  Three-wire  System  Becomes 
Grounded,  Gi,  and  there  is  another  ground,  62,  on  the  opposite 
side  of  the  system  (Fig.  546)  220  volts  will  be  impressed  across 
the  lamp  and  it  will  be  burned  out. 

867.  U  One  of  the  Generators  of  a  Three-wire  System  Be- 
comes Reversed,  as  at  G\  (Fig.  547),  the  lamps  connected  be- 
tween both  of  the  outside  wires  and  the  neutral  will  receive  nor- 


fneonehsctnf  Lamps. 


Motor  Will  Rtcet^ 
No  Current 

Fig.  547. — Reversal  of  generators. 


'fnt^n^tAztfif  L'ijmps 


Fio.  548. — Open  in  the  outer  of   a 
three- wire  system. 


mal  voltage  but  the  polarity  will  be  reversed.  Any  receiver 
connected  across  the  outside  wires,  M  for  example,  will  have  no 
difference  of  potential  across  it  and  hence,  no  current  will  be 
forced  through  it — ^it  will  not  operate. 

868.  If  One  of  the  Outside  Wires  of  a  Three-wire  System 
Opens,  0  (Fig.  548),  a  device,  H,  connected  across  the  two  out- 
side wires  on  the  distant  side  of  the  break  will  receive  some  cur- 
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rent  at  110  volts  through  the  lamps,  Li,  L%f  and  Ls,  connected 
to  the  broken  side  between  the  device  and  the  break.  These 
lamps  will  bum  dimly  when  the  device  is  connected,  but  the  de- 
vice will  not  receive  enough  current  to  operate  it  properly. 

869.  The  General  Arrangement  of  Three-wire  Feeders  and 
Mains  may  be  substantially  the  same  as  that  for  two-wire  sys- 
tems. The  important  thing  is  to  so  balance  the  circuits  as  to 
maintain  the  currents  in  the  two  outside  wires  approximately 
equal.  The  lamps  and  other  devices  should  be  divided  between 
the  two  side  circuits  of  the  system  so  that  the  loads  will  be,  as 
nearly  as  possible,  balanced  when  the  circuit  is  loaded  to  its  full 
capacity  or  when  loaded  to  any  fraction  of  it.  All  three  wires — 
two  outers  and  the  neutral — should  be  routed  to  every  location 
where  any  considerable  amount  of  power  is  required;  to  every 
building  in  an  out-of-door  distribution  and  to  every  distribution 
center  in  distributions  within  buildings.  Where  many  lamps  are 
to  be  lighted  simultaneously  the  group  should  be  controlled  by 
three-pole  switches  to  prevent  unbalancing.  Not  only  must 
loads  on  three-wire  systems  be  balanced  on  the  two  side  circuits^ 
but  the  loads  on  the  side  circuits  must  also  be  distributed  along 
both  the  circuits  in  approximately  the  same  manner.  If  they 
are  not,  there  may  be  considerable  "extra"  drop.  This  "local 
unbalancing''  is  one  of  the  principal  causes  of  the  excessive  vol- 
tage variation  that  may  sometimes  occur  on  three-wire  systems. 
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Accumulator,  255 
chloride.  260 
Admittance,  560 
£ther.  definition,  20 
properties  of,  21 

tranemiasion  of  light  throuch,  21 
waves,  11 
Air,  sixe  of  molecules  in,  14 
Alternating-current  circuits,  619-532 

computing  counter  e.m.f.  of  self-in- 
duction, 523,  526 
counter  e.m.f.  on  basis  of  area  of  coil, 

527 
current  in  phase  with  impressed  vol- 
tage, 521 
effect  of  resistance,  519 
figuring,  559-566 
inductance,  effects  of,  622 
lag  of  counter  e.m.f.  523 

of  current  behind  e.m.f.,  530 
loss  of  power  through  resistance.  520 
permittance  or  capacity  in,  545-558 
phase  relations  of  current  and  counter 

e.m.f.  due  to  inductance.  528 
power  and  power-factor,  567-580 
power  in,  115,  116 
rate    of    change   of   sine-wave-form 

alternating  current,  524 
skin  effect,  Uble  of  factors.  530-532 
ifrnating-eurrent   generators.    349,   481- 
490 
See  also  Oenwators,  alternating  current. 
•  .rnatinf-current  values,  512-518 
addmg  two  e.m.f s.  in  phase,  513 
adding  two  e.m.fs.  not  in  phase,  015 
addition  and  subtraction,  512 
subtracting  e.m.fs.  in  phase,  516 
subtracting  e.m.fs.  not  in  phase,  617 
Vrto-rnating-current  vectors,  503 
Alternating  currents,  470-480 
alternation,  472 

average  value  of  current  or  e.m.f.,  475 
characteristics,  470 
cycle,  471 
defined,  76 

difference  from  direct-current  phe- 
nomena, 470 
effective  or  virtual  value,  of  current 

or  e.m.f.,  475.  479 
explanations,  78 
frequency,  472 
(p-aphs.  78 

instantaneous  value,  474 
maximum  value  of  e.  m.f .  or  current, 

474 
measuring  instruments,  477 
method  of  generating,  276,  349,  471 
numerical  relations  of  values,  479 
phase,  472 

readings  of  varvin^  ourrent,  80 
relation    of    enective    to   maximum 
value  of  e.m.f .  and  current,  477, 479 
sine-wave-form,  79 
single-phase  e.nufs.  and  currents,  473 
unit  the  ampere,  477 
Alternation,  472 

Alternator,  revolving-armature,  481-483 
revolving-field,  484 


Alternators,  development  of  e.m.fs.,  491-502 
completing  an  alternation,  500 
computing  frequency  of  e.m.f.,  600 
distribution  of  flux  under  a  field-pole 

face.  498 
e.m.fs.  of  sine-wave  form,  502 
induction  of  alternating  e.m.f.  in  coil 
with  moving  magnet  pole,  274, 
499 
of  e.m.f.  on  basis  of  cutting  flux,  491 
inductor  turns  in  series  necessary,  499 
Amalgamation.  226 
American  Institute  of  Electrical  Engineers, 

138 
American  Wire  Gage,  97,  109 
Ammeter  illustrated,  79 
Ampere,  alternating-current  unit,  477 

amount  required  by  various  lights,  86 

definition,  86 

difference  from  volt,  87 

hour,  unit  of  capacity  of  storage  cell, 

259 
ohm  system,  87 
turns.  152 

changing,  in  magnet  winding,  186 
cross,  and  back,  398 
Analogy,    hydraulic,    «e«    Hydraulic    anal- 
ogy. 
Angle  of  lag,  and  of  lead,  398 
Angular  pitch,  on  armatures,  407 
Anion,  23 
Anode,  218-221 

Apparatus,  average  efficiencies,  table,  124 
Armature,  363 

flux  cut  by  conductors,  364 
inductors,  366 

number  of  cutting  conductors,  364 
resistance,  413 
speed  of  conductors,  365 
See  also  Generator  armatures,  direct- 
current. 
Armature  reaction,  390-402 

angles  of  lead  and  of  lag,  398 
brush  position  changed  with  load,  402 

voltage,  392 
brushes,  391 
commutating  plane,  394 
pole  generators,  402 
poles,  396 
commutator  construction,  390 
commutators  in  practical  generators, 

390 
cross  ampere-turns,  and  back  ampere- 
turns.  398 
definition,  394 
effects  minimised,  396 
field  distortion,  394 
in  motors,  445 
neutral  plane,  394 
preventation  of  sparking,  401 
process  of  ideal  commutation,  398 
rocker  frame,  392 
shifting  brushes  with  changes  in  load, 

402 
sparking  during  commutation,  401 
Armature     winding,     angular     pitch,     or 
winding  pitch,  407 
developments  or  diagrams,  409 
direct-current,  407—111 
drum  type,  407 
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Annaiure  windings,  6.m.f .  and  current  in  Up 
winding  and  wave  winding,  409. 410 
plane  developments,  409 
star  developments,  400 
types  of  windings,  lap  and  wnvo,  407 
Artificial  magnets,  26 
Atmospherio  electricity,  63 
Atomic  weights  of  elements.  10 
Atoms,  arrangement  in  crystals,  20 

collisions  between,  10 

combination  into  molecules,  11 

composed  of  electrons,  illustration,  6. 8 

definiUon.  2.  6 

difference  from  molecules,  18 

holding  power,  12 

ionisation  of,  22 

kinds,  different,  in  molecules,  13 

loss  of  electrons,  19 

magnetic  property,  140 

number  in  molecules,  12 
of  electrons  in,  8 
of  kinds,  9 

positive  nucleus  of,  3,  7,  8 

radio-active,  10 

shape  of,  11 

siae  of,  10 

valency,  definition,  12 
Attraction,  magnetic,  30 
Aurora  Austraus,  64 

Borealis,  64 
Automobile  ignition  system,  301 
Auto-transformer,  620 
Auxiliary  poles,  306 
Avogadro^  law,  17 

B 
Battery,  219 

current  output  varied  by  arrangement 

of  cells,  246.  247.  249 
plunge,  235.  244 
See  aUo  Storage  battery. 
Bell,  electric,  action  of  electromagnet  in,  193 
Bichromate  cells.  234-236.  244 
Bivalent  elements,  12 
Bolometer,  216 
Booster  transformer,  621 
the,  20 
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Brake  horse  power,  123 

prony.  121.  468 
British  thermal  unit.  119 
Brown  A  Sharpe  gage,  97,  109 
Brush  contact  resistance,  413 

e.m.f.  of  a  generator,  414 
Brushes  for  generators,  891 
Bunsen  cells,  236 


Calculation  of  magnet  windings,  186 

Capacitance,  645 

Capacity  in  alternating-current  oirouits,  545 

See  alMO  Permittance  or  capacity. 
Carbon-eyUnder  ceU,  233,  243 
Cathode  of  a  primary  cell,  219,  220 

rays,  Aurora  explained  by,  65 
definition,  4 
Cells,  bichromate,  234-236,  244 

Bunsen,  236 

chromic  acid,  235 

Clark  sUndard,  243 

Crowfoot,  241 

DanieU,  240.  243 

distinguished  from  battery,  210 

Edison-LeUnde,  239,  244 

Edison  storage.  257,  250,  263 
characteristics,  264 

FuUer.  234 

Gould  storage,  260 

Savity,  241 
renet,  235,  244 
Grove,  236 
Leclanohe,  233,  234,  237,  243 


CelIs,LeUnde,  239.  244 

Smee,  231 

voltaic,  218.  219 

Weston  standard.  243 

See  aleo  Primary  cell,  atid  Secondary 
ceU. 
Centigrade  system.  102 
Charging  storage  batteries.  264,  265 
Chemical   action,   generation   of   electrical 
energy  by.  217 
in  Edison  storage  cell,  264 
in  primary  cell,  221 
laws  of,  in  primary  cell.  223 
Chemical  change.  18,  19 

depolarisation,  228 

elements,  electrochemical  equivalents, 
225 

energy,   transformed  by    primary  cell 
into  electrical  energy,  220 
Chloride  accumulator,  260 
Choke  eoU.  326 

Chromic  acid  cells  and  solution.  235,  236 
Circuits,  alternating-current,  eee  Alternat* 
ing-ourrent  circuits. 

delta-connected,  599,  600 

direct-current,  power  in,  115 

divided.  136 

magnetic.  150 
inductance  a  property  of,  311 

multiple,  132 

non-inductive,  305 

paraUel,  132 

polyphase,  581-603 

primary,  293 

secondary,  298 

series,  130 

shunt,  132 

Sm  aleo  Electric  circuits. 
Circular  mil  defined,  98 

mil-foot,  99 
Clark  standard  cell.  243 
Coefficient  of  mutual  inductance,  328 

of  self-induction,  314 
Coils,  choke,  326 

concentric,  mutual  induction  between, 
294 

form  wound,  388 

ii\edical  induction,  334 

non-inductive,  305 

primary  and  secondary,  293 

reactance,  326 

shocking,  334 

spark,  305 
Commutating  plane  through  an  armature, 
304 

poles,  396 
Commutation  in  motors,  444,  445 
Commutators,  390 

definition,  357 
Compass.  26,  28.  29 

declination  of  needle.  30 

determines  direction  of  electric  current, 
143 

needle  deflected  by  electric  current,  141 
Compound-wound  generator.  379 

characteristics,  427 
Conductance,  91 

computing,  101 
Conducting  loop  rotated  in  magnetic  field. 

materiUs,  imaginary  structure,  58 
on  basis  of  electron  theory,  59 
Conduction  current,  explained  oy  electron 
theory,  68,  69 
speed  of,  72 
Conductivity  defined,  01 
Conductors,  alloys,  resistance  of,  104 
circular,  computing  resistance,  101 
computing  conductance,  101 
computing  resistances,  100 
contact  resistance,  110 
copper,  eee  Copper  conductors. 


INDEX 


635 


Conductors,  definition.  91 

equations  for  Toltase  gradient  oalcu- 

UUoDS.  110.  Ill 
heat  affects  resistance  of.  103 
heat  developed  in.  by  current,  107 
inductance  a  property  of.  311 
measuring  by  mils,  98 
non-circular,  computing  resistance,  102 
power  loss  in,  11/ 

resistance  at  any  temperature,  formu- 
las, 104 
resistances,  table.  100 
temperature  coefficients.  104 
temperature  rises,  formula,  106 
unit  the  mil-foot,  99 
voltage  gradient,  110 
Consequent  poles  of  magnets.  41 
Constant-current    and    constant-potential 

generators,  370 
Constant  currents.  74 
Contact  electromotive  forces.  210-216 
amount  of  energy,  210 
bolomHer,  215 

electrical    energy    developed    from 
external  energy.  214 
through  contact.  210 
explained  by  electron  theory.  211 

Eeneration  of  e.m.f.  by  contact.  210 
eat  at  junction  of  metals,  effect.  214 
heat  energy  imparted.  210 
Peltier  effect.  216 
performance  of   metals  in  contact, 

heated.  213 
resultant  e.m.f.  of  metals  at  same 

temperature.  212 
temperatures  measured  by  bolometer, 

215 
thermo-pile.  215 
Thompson  effect,  216 
values  of  e.m.f  .developed,  table,  211, 

212 
values,  of  metals  in  liquids,  218 
Contact  resistance,  110 
Conversion  of  electrical  energy.  50 
Copper  conductors,  resistance,  105 

table  of  temperature  coefficients,  106 
wire,  table  of  dimensions,  weights  and 
resistances.  108 
Coulomb,  definition.  6,  86 
Counter  e.m.f.,  explained,  438 

of  self-induction,  314,  522 

computation  of,  322 
See  aUo  Permittance. 
Cross-magnetising  ampere-turns,  398 
Crowfoot  ceU,  241 
Current  density,  defined.  89 
safe  for  contacts.  110 
electricity  produces  magnetic  field,  140 
resistance,  see  Resistance, 
transformers.  618 
Currents,  continuous,  73 
convection,  73 

electric,  eee  Electric  currents, 
pulsating,  74,  362 
wattless,  575 
See  aUo  Eddy  currents. 
Cycle,  of  alternating  currents,  471 


D 

Daniell  ceU,  240 

standard  cell.  243 
Darafs,  558 

D'Arsonval  galvanometers,  332 
Declination  of  compass  needle,  30 
Delta-connected  circuit,  599,  600 
Demagnetising  ampere-turns,  398 
Density,  current,  defined,  89 

safe  for  contact,  110 
Depolarisation,  methods  of,  227 
Depolariser,  227 


Diagrams,  phase,  506 
.  vector,  505.  506 
Diamagnetism.  49 
Dielectric  flux  generates  e.m.f.,  82 

strength.  93 
Dielectrics,  definition.  92 

properties.  93 
D'Infreville  wasteless  sine,  242 
Direct-current  circuits,  power  in,  115 

generators,  371 
components,  371 
field  structures,  373-380 

motor  principles.  431-448 
Direct  currents.  73 

Direction  of  currents,  positive  and  negative, 
75 

of  e.m.f.,  rules,  273,  274 
Displacement  current.  72 
Distributing  transformers,  619 
Divided  circuit,  136 
Drop  of  potential.  83 
Drum-wound  armature,  386-388 
Dry  cells,  239 
Dynamos,  337 


Earth  a  magnet,  30 

potential  of  surface  as  unit.  61 
rate  of  discharge  of  electricity,  63 
Eddy  or  Foucault  currents,  277,  831-336 
computing  loss,  335 
in  electrical  machines.  336 
laminating  to  minimise  loss,  334 
loss,  335 

losses  in  transformers,  614 
minimising  loss,  334 
Edison-Lelande  cell.  239,  244 
storage  cell,  257.  259,  263 
characteristics,  264 
Efficiency,   determimng.   of   direct-current 
generator,  418 
of  an  apparatus,  123 
table  for  various  apparatus,  124 
Elastance,  558 

Electric  cars,  driven  by  series  motors,  con- 
trol, 462 
Electric  circuits.  129-139 

adding  conductors  in  parallel,  136 
computing  resistance  of  divided  cir- 
cuit, 136 
when  produced  by  a  battery   or 
ceU,245 
current  in  a  series  circuit,  131 
of  parallel  circuit,  136 
varied  by  arrangement  of  cells  in 
battery;  246.  247.  249 
definition,  129 

difference  from  magnetic  circuit,  156 
divided,  136 
elements  needed,  129 
hydraulic  analogy,  129, 131 
of  divided  circuit,  137 


pai 


of  parallel  circuit.  132 
kraUel,  multiple,  o 


132 


or  shunt  circuits. 


parallel-series  or  multiple-series,  137 

politfity  of  direct-current,  how  deter- 
mined, 139 

resistance    of  a  series  combination, 
132 
of  pwrallel  conductors,  136 

s^es  circuit,  130 

series-parallel  or  series-multiple,  138 

voltage  across   parallel   conductors, 
135 
of  a  series  circuit,  130 
Electric  currents,  66-80 

alternating  currents,  76,  78 

ampere,  unit  of  flow,  86 

classes  of,  68 

commercial  importance,  66 
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Electrio  currents,  conduction,  68,  60 
constant,  74 
continuous,  73 
convection,  73 
defined,  55,  67 
direct,  73 
direction  of,  24 

determined  by  compass,  143 
displacement,  72 
electromotive  force,  67 
fluid  analogies,  62,  76 
graphs.  73-78 
in  a  series  circuit,  131 
induced,  66 

laws  of  action  between  currents,  143 
magnetic  field  produced  by,  140 
osoulatorv,  74 

output  of  battery,  varying,  246 
positive  and  negative  direction,  75 

Suisating,  74,  362 
«e  aUo  Currents. 
Electric  generators,  principles  of,  337-372 
inertia,  320 
momentum,  320 

motor,  principle  of  operation,  432 
pressure,  definition,  81 
welder.  623 
Electrical  energy,  cost  of,  generated  by  pri- 
mary batteries,  244 
developed  by  electromagnets,  193 
by  primary  cell  from  chemical  en- 
ergy, 220 
by  external  energy  on  metals  in 
conUct,  210,  214 
generated  by  chemical  action,  217 
by  electromagnetic  induction,  proc- 
ess, 281 
by  primary  cells,  244 
generation  of,  59,  125 
stored  in  storage  cell,  256 
transmission,    and    conversion,   59, 
431 
by  transformers,  604 
Sc€  alto  Energy,  and  Generation  of 
electrical  energy. 
Electrical  losses  in  a  generator,  418 
machinery,  temperature  rises,  417 
phenomena     explained     by     electron 

theory,  3,  6, 19 
resistance,  89 
Electricity,  atmospheric,  63 
contents  of  a  coulomb  of,  6 
discharge  of  earth's  surface,  63 
electron  theory,  53 
fluid  analogy,  53.  55 
generators  do  not  generate,  but  move, 

59 
matter  composed  of,  1 
nature  of,  53 

negative,  particles  called  electrons,  1,  2 
polarity  defined,  62 
positive,  defined,  55 

in  nucleus  of  atom,  3,  7,  8 
potential  defined,  60 
pressure  cause  of  Upshtning,  57 
relation  to  magnetism,  269 
single-fluid  theory,  55 
terminal  defined.  62 
transmitter  of  energy,  54 
Electrification,  positive  and  negative,  23 
Electro-chemical  action,  67 
local  action,  225 
depolarisation,  228 
equivalent,  224 
Electrodes.  218-220 

distinction,  in  lead  storage  cells,  262 
Electrolysis,  67,  251-254 

definition,  251 
_,     of  underground  structures,  252 
Electrolyte,  219-221 

definition.  251 
Electrolytic  refining  of  metals,  254 


Electromagnetic  induction,  269-292 

alternating  e.m.f.,  production  of,  275 
current    forced    by    e.m.f.    through 

circuit,  value  of,  276 
definition,  269 

direction   of  e.m.f.  induced  in  con- 
ductor   cut    by  lines  of  force, 
and  in  coil,  273,  274 
of  induced  current,  278-280 
effect  on  magnetic  field  cut  by  con- 
ductor, 273 
e.m.f.  impressed  on  a  circuit  must  be 
consumed,  276 
induced  proportional  to  turns  in 
solenoia.  287 
when  conductor  crosses  lines  of 
force,  270,  271 
factors  affecting  value  of  e.m.f.  in- 
duced in  conductor  cutting  lines, 
281-284 
Fleming's  rule  for  determinii%  direc- 
tion of  e.m.f.  in  conductor,  274 
flux  for  induction  of  e.m.f.,  how  pro- 
duced, 271 
force   required   to   move   conductor 

generating  e.m  f .,  278 
generation   of   e.m.f.    by   conductor 
cutting  a  flux,  271 
with    stationary    conductor    and 
variable   flux,   and   vice   versa, 
289,  291-293 
with  stationary  flux  and  moving 
conductor,  and  vice  versa,  285, 
286 
importance  of  principle,  269 
inducing  e.m.f.  in  a  conductor,  273, 

277 
induction  of  e.m.f.  by  varying  reluc- 
tance of  magnetic  circuit,  291 
intensity  of  e.m.f.  induced  by  rate  of 

cutting  lines  of  force,  281 
Lens's  law  of  direction  of  induced 

currents,  278-280 
lines  of  force  of  variable  flux,  proc- 
ess of  cutting  conductor,  289 
method     of     generating     electrical 

energy,  281 
power  needed  to  produce  induced  cur- 
rent by  magnetic  induction,  280 
producing  induced  e.m.fs.,  methods, 

285-292 
rate  of  cutting  lines  of  force,  effect  on 

e.m.f.,  281 
relation    between     magnetism    and 
electricity,  269 
of  directions  of  motion,  e.m.f.,  and 
flux,  273 
value  of  induced  e.m.f.,  determining, 

284 
See  aUo  Mutual  induction. 
Eleetromagnetism,  140-149 

compass  determines  direction  of  cur- 
rent flow,  143 
correct  conception  of  field  of  magnetic 

flux.  142 
effect  of  iron  within  a  helix,  149 
electron  theory  of  magnetism,  149 
helix,  magnetic  field  of,  146 
how  constituted,  149 
laws  of  action  between  currents,  143 
magnetic    field    about    a    conducting 
loop,  145 
about  a  straight  wire,  140 
Maxwell's  laws,  144 
proof  of  magnetic  field,  141 
rule  for  determining  polarity,  148 
rules   for   direction   of    magnetic    field 
about  straight  wire,  142 
Electromagnets,  25 

applications  of,  193-199  ' 
bell,  action  in  electric,  193 
design  of  a  lifting  magnet,  202-204 
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Electromagnets,  faotora  of  lifting  power,  197 

field  Goilfl  of  electricity  generators.  193 

fiuz  density,  effect  on  lifting  power,  197 
to  produce  high,  198 

lifting  magneta,  flux  densities  in  cir- 
cuits, 203 
types  of.  201 
power,  196,  197,  200 

magnetic  traction.  190,  197,  200-205 

operating  voltages  for,  202 

permanent   magnets   in    telephone  re- 
ceiver, 196 

pull  of,  formula,  200 
V  switch  to  release  load,  TXSi 

telegraph,  application  in,  194 

telephone  receiver,  195,  196  ^ 

traction  at  different  flux  densities,  200 

use  to  produce  magnetic  field,  373 
Electromotive  force,  67,  81-111 

alternating,  production  of,  275 

ampere  defined,  86 

conductance,  91 

conductivity.  91 

contact  forces,  210-216 

current  density,  89 

definition,  81 

determining  value  of  an  induced,  284 

developed  by  alternators,  491 

by  contact  of  metals  and  liquids.  217 

development,  means  of,  82,  128 

difference  between  amperes  and  volts, 
87 

direction,  positive  and  negative,  350 
rules  for  determining,  273,  274 

distinction  between  voltage  and  poten- 
tial, 83 

drop  of  potential.  83 

electrical  resistance,  89 

generated  by  contact  of  metals,  82,  210 
by  conductor  cutting  a  flux,  271 
by  magnetic  and  didectrie  flux.  82 

hydraulic  analogy,  81,  83,  88,  91 

induced  in  conductor  by  self-induction, 
302 

induction  in  condutitor  crossing  lines  of 
force,  270-271 

insulating  materials,  92 

intensity  depends  on  rate  of  cutting 
lines  of  lorce,  281 

maintenance  of,   between  plates  of  a 
ceU,  221 

ohm  defined,  90 

Ohm's  law.  93 

polarisation  in  primary  cell,  effect  of. 
227 

producing  induced,  methods  of,  285 

properties  determining  flow  of  currents, 
91 

pulsating,  362 

resistances  of  different  materials.  91,  92 

resistivity,  90 

resistor  defined.  89 

resultant  of  metals  at  same  tempera- 
ture. 212 

units  of  measurement,  87 

value   affected    when    conductor    cuts 
lines  of  force,  281-284 

values  developed  by  contact,  table,  211, 
212 

See  also  Contact  e.m.f..  counter  e.m.f., 
Electromagnetic  induction,  Genera- 
tors, electric.  Self-induction. 
Electron  theory.  1,  53, 

applied  to  conducting,  materials,  59 
conduction  current,  69 
insulating  substances,  57 
the  Aurora,  64 
contact  e.m.f.  explained  by,  211 
of  magnetism,  149 

primary  cell  action  explained  by,  222 
Electrons,  cathode  rays  formed  of,  4 

chemicid  change,  effect  of,  19 


Electrons   combined    into  atoms,  illustrar 
tion,  6 

currents,  direction  of,  24 

definition,  1,  2,  3 

electrification  of  objects  due  to  number 
of.  23 

electrostatic  attraction.  3 

isolation  from  atoms,  9 

light  produced  by  movements  of,  11 

loss  of,  by  atoms.  10 

or  addition  ionises  an  atom,  22 

mass  or  weight,  5 

method-of  deriving  or  isolating,  4 

number  in  atoms  varies.  9 
in  universe,  6 

properties  identical,  3 

quantity  of  electricity  in,  6 

repelling  force  of,  3.  5 

rotation  causes  magnetism,  25 

sise  of,  5.  10 

unstable  in  radio-active  atoms.  19 
Electroplating,  67,,  251.  252 
Electropoian  solution,  236 
Electrostatic  attraction  of  electrons,  3 

capacity,  effects  with  alternating  cur- 
rents, 470 

induction,  293 
Electrotyping,  67,  251.  253 
Elements,  radio-active  atoms  in,  19 

valencies  of,  12 
Energy,  definition,  118 

loss  in  transforming  into  electrical,  126 

resbtance.  564,  566 

stored  in  magnetic  field,  330 

transformation  of  mechanical  and  chem- 
ical, 125.  337 

transforming,  119 

transmission  by  electricity,  54,  59 

See  also  Electrical  energy. 
Equator  of  a  magnet,  27 


Fahrenheit  system,  102 
Farad,  558 

Faraday.  Michael,  270 
Faure  type  of  plate,  260-262 
Field  coib.  374 

discharge  resistors,  and  switches,  306 
distortion,  394 
intensity,  in  magnetism,  44 
magnets,  373 
of  force  of  magnets,  35 
structure  of  direct-current   generators, 
374 
Figuring  alternating-current  circuits,   559- 
566 
admittance,  560 
computing  impedance,  561 

joint  impedance,  563,  564 
energy  resistance,  564.  566 
impedance  of  motors  and  transform- 
ers. 564 
joint  impedance,  562 
reactance  of  a  circuit,  559 
resonance,  560 
suBceptance,  559 
Flat-compounded  generator,  428 
Fleming's  rule  for  determining  direction  of 

e.m.f.,  274 
Fluid  analogy  of  electricity,  53,  55 

See  also  Hydraulic  analogy. 
Flux,  computing  in  magnetic  circuit.  169 
definition.  154.  155 
developed  by  air-core  helix,  177 
follows  iron  with  turns  of  helix,  180 
of  magnetic  field,  43 
produced  by  a  helix  in  air,  176 
total,  in  air-core  helix,  178 
Flux  density.  44 

effect  on  lifting  power  of  magnet,  197 
in  circuits  of  luting  magnets,  203., 
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Flux  denlty,  high,  produotion  of,  198 
limit,  in  nu^etic  circuits,  173 
m.m.f .  gradients  required  to  produce, 

of  mngnetie  circuit,  164 

relation  to  mametic  gradient  and  per- 

membility.  173 
traction  of  electromagnets  at  different 
densities,  200 
Foot-pound,  112 
Form-wound  coils,  388' 
Foucault  currents,  277,  331-336 
Franklin's  single-fluid  theory  of  electricity, 

65 
Frequency  of  alternating  currents,  472 
Fuller  cell,  234 


Gages,  wire,  97 

Gsses,  attractive  force  of  molecules,  16 
Avo^adro's  law,  17 
motion  of  molecules  in,  15 
Gauss,  46 
Generation  of  dectrical  energy,  59, 125-128 

conditions  to  be  fulfilled,  127 

current  of  electricity  necessary,  126 

establishment  of  voltage  required.  126 

from  mechanical  and  chemical  energy, 
125 

loss  in  transforming.  126 

methods,  128 

See  aUo  Electrical  energy. 
Generator  armatures,  direct  current,  381-398 

advantages  of  (hrum-windings,  388 

armature-core  punchings,  386 

constant,  direct  e.m.f.,  generation  of, 
383 

construction  and  material  of  armature 
core,  385 

drum-wound  and  ring-wound.  386- 
388 

effect  of  open-  and  olosed-eoil  wind- 
ings on  brush  e.m.f.  graph,  383, 384 

form-wound  coil,  388 

function,  381 

functions  of  armature  core,  384 

open-coil    and   closed-coil  windings, 
383 

principles  of  operation.  387 

production  of  constant  e.m.f.,  381 

ring  winding,  disadvantages,  387 

winding    armature  with  form-wound 
coils,  389 

See  aUo  Armature  reaction. 
Generator,  direct-current,  voltages,  412-422 

armature  resistance,  413 

brush  e.m.f.,  414 
resistance  and  brush-contact  resist- 
ance, 414 

capaoitsr.  416 

current  in  armature  depends  on  resist- 
ance of  circuit,  415 

cflBcienoy,  determining,  418 

electrical  losses,  418 

e.m.f.  impreased  on  an  external  circuit 
by  a  generator,  415 

excessive  heatin|(,  417 

formula    for   bipolar  direct-current 
generator,  412 
e.m.f.    in  direct-current  generator 
armature,  413 

horse-power  output,  420 

input,  421 

internal  drop  in  the  armature.  41C 

losses  in,  418 

mechanical  losses,  418 

ouput  of  generator,  419.  420 

rating    of    direct-current  generator, 

sparking  at  the  commutator.  416 
terminal  e.m.f.,  414 


Generatofs.  alternating-ourrent,  481-490 

appuoation     of    revolving-armature 

altematoiB.  482 
armature  construction  and  windings 
of  revolving-field  alternators,  488 

classes,  481 

construction  of  revolving  fields,  488 
modifying    direct-current  generator 
into  alternating-current,  483 

operation      of      revolving-armature 
alternators,  482 

principle  of  operation,  289 

revolving-armature,  481 

revolving-field  alternators,  484 
Generators,  curves  or  graphs,  423 
Generators,  direct-current.  371 

arrangement  of  poles,  376 

bipolar,  375 

classification,  375 

compound-wound,  379 

controlling  field  strength,  methods  of» 
380 

excitation  of  self-exdted  field  mag- 
nets, 377 

field  excitation,  methods,  376 
magnets.  373 
structures,  373-380 
windings,  378 

long-  and  short-shunt  oonneetions,380 

magnetic  field,  373 

multipolar.  375.  403-406 

number  of  poles,  375 

principle  of  operation,  286 

self-excited,  376 

separately-excited,  376 

series-wound,  378 

shunt-wound,  378 
Generators,  direct-current,   characteristics, 
423^30 

compound-wound  generator,  427, 428 

flat-compounded,  428 

magnetisation,  423 

over-compounded,  428 

series  generator,  424 

shunt-wound  generator,  425.  426 

voltage  regulation,  429 
Generators,  electric,  337-872 

alternating  e.m.f .  generated  in  a  loop, 
349 

armature^  363,  364 

commercial,  requirements.  338 

commutator,  357 

components  of  direct-current,  371 

computing  e.m.f.  induced  in  rotating 
coil,  366 

conducting  loop  rotated  in  magnetic 
field,  339 

constant-potential  and  constant-cur- 
rent. 370 

definition,  337 

difference    between  alternating-  and 
direct-current,  362 

direct  e.m.f.  produced  by  commu- 
.  tator,  358 

directions   of  alternating  e.m.fs.  and 
voltages,  350 

e.m.f.  induced  in  loop  varies,  342 

e.m.fs.  and  currents  induced  by  rotat- 
ing loop,  table,  353 
of  alternating-  and  direct-current, 
graph,  349,  362 

elementary  alternatinf^-current,  349 

field  structure,  definition,  374 

flux  cut  by  armature  conductors,  364 

hand  rule  for  directions,  e.m.f.,  and 
flux,  339 

inductors  of  armature,  366 

kinds  of  armatures  and  fields,  364 

magnet  cores,  374 

magnetic  field  and  armature  neces- 
sary, 363,  364 

magneto,  368 
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Qeneratora,  eleotrio,  method  of  traurform* 
ink  energy,  337 
number  of  cutting  oonduotors,  3M 
pole  thoee,  375 
prineiple,  337 
pulsating  e.m.f.,  362 
rectifying  action  of  a  commutator, 

rotation,  poaitiye  and  negative,  350 
sine  oiirve  or  sinusoid,  34o 
representing  alternating  e.m.f.  or 
current,  353 
sine  of  angle  applied  to  e.m.f.  induced 

in  loop.  346 
sine-wave  forms  of  e.m.fs.  and  cur- 
rents, 352,  355 
speed  of  armature  conductors,  365 
variation  of  alternating  current,  354 
of  e.m.f .  induced  in  looi),  346 
of  e.m.f.  values  induced  in  loop,  351 
voltage  factors,  364 
Generators,  electromagnets  in  field  coils,  103 
function,  50 
homopolar,  286 
Generators,  multipolar,  direct-current,  403- 
406 
armature  conductors,  smaller,  feasi- 
ble. 404 
defined,  375 

economics  of  design,  404 
magnetic    circuit  and  generation  of 

e.m.f.,  403 
peripheral  speeds,  lower,  possible,  405 
Generatorsi  operation  as  motor,  436 

revolving-armature  three-phase,  500 

two-phase.  582 
revolving-field,  three-phase.  501 

two-phase,  583 
single-phase,  502 
three-phase,  580 
Gilbert,  discovered  earth  is  a  magnet,  30 
Gould  storage  cell,  260 
Gradient  of  magnetic  circuit,  164 
Graphs,  of  alternating  currents,  78 

sine,  510 
Gravity  cell,  241 
Grenet  oeU,  235,  244 
Grove  cells,  236 

H 
Hand  rules.  330 
Heat,  amount  dissipated  by  magnet  coil. 

apnUcation  to  metals  generates  e.m.f., 

developed  by  electric  current,  107, 187 
effect  of,  on  magnet  winding,  180 

on  resistance  of  metals,  103 
expansion  of  matter  caused  by,  14,  18 
HeUz  defined,  146 

flux  developed  by  an  air-core,  177 
in  turns  around  iron,  180 
produced  by,  in  air,  176 
magnetic  circuit  of  an  air-core,  170 
field  of,  146 

properties  affected  by  iron,  140 
polarit}^,  148 
properties  of,  148 
total  flux  in  an  air-core,  178 
Henry,  Joseph,  300 
Henry,  unit  of  inductance,  300 
Homopolar  generators,  286 
Horse  power.  1 18 
brake.  123 
equations.  117 
hour,  110 
output  of  direct-current  generator,  and 

input,  420,  421 
rating  motors  in,  118 
Hydraulic  analogy  of  cells  connected   in 
series  and  parallel,  246,  247 
divided  circuit,  137 


Hydraulic  analogy  of  effect  of  inductanoe  in 
direct-current  and  alternating-cur- 
rent circuits,  680 
eleetrio  circuits,  120, 131 

currents,  62,  76 
electrical  power,  114 
electromotive  foroe,'81,  83,  88,  01 
parallel  circuit,  132 
permittance    in   alternating-current 

circidt,  548 
three-phase  generator  and  circuit,  501 
three-wire  circuit,  628 
two-phase,  four-wire  alternating-cur- 
rent generator  and  circuit,  584 
Hydrogen,  atomic  weight,  10 

evolution  determines  polarity  of  direct- 
current  cireuits,  130 
sise  of  molecules  in,  14 
Hysteresis,  206-200 

constants  for  different  materials,  table, 

207 
definition,  206 
loss,  206 

calculation,  208 
factors,  ^S 
in  transformers,  614 
in  wrought  iron,  206 


Ignition  system,  automobile.  301 
Impedance,  computing,  562 
defined,  530 

of  motors  and  transformers,  564 
value  of,  to  obtain,  530 
Sm  aUo  Reactance  and  impedance. 
Incandescence,  67 
Induced  current,  66 
Inductance,  300-^13 

action  of.  in  changes  of  voltage  or  cur- 
rent, 545 
definitions,  300,  311 
different,  in  a  conductor,  312 
effects  compared  with  permittance,  556 

with  alternating  currents,  470 
factors,  determining,  312 
formulas  for  computing,  significance, 

322 
inertia  and  momentum,  320 
methods    of    determining    self-    and 

mutual-inductance,  313 
mutual,  313,  328 
of  stranded  wires,  326 
permeance,  effect  on,  320 
physical  property  of  circuits  and   con- 
ductors, 311 
proportional    to    "cutting"    lines    per 

ampere,  310 
self-inductance  same  as  permeance,  311, 

314-327 
unit,  significance  of,  300 
Induction  coils,  300 

current,  definition,  270 
electromagnetic,  260-202 
furnacCf  principle,  623 
magnetic,  37 

mutual,  see  Mutual  induction, 
regulator,  621 
self,  302-308 
Inductive  reactance,  537 
Input  defined,  123 

of  ffinertktoT,  421 
Insulating  materials,  02 
electron  theory,  57 
imaginary  structure,  56 
table  of  resistance  values,  02 
Insulation  resistance,  03 
Insulators  defined,  01 

Internal  resistance,  determination  of,  223. 
230 
drop.  220 
of  a  cell,  228 
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InternationAl  electrical  units,  87 
Inteipoles,  396 
lona  and  ionization,  22 
Iron  and  steel,  magnetic  properties,  table, 
166,  168 
magnetic  saturation,  164 
magnetisation  graphs,  165 
permeability,  167 
permeance  off  161 

saturation  point  and  permeability, 
321 
wrought,  hysteresis  loss,  208 


Ration,  23 

Kiloampere-turn,  152 
Kiloline.  155 
Kilovolt  defined,  82 
Kilowatt-hour.  11» 
Kilowatts,  113 

equations,  117 

rating  motors  in.  118 
Kinetic  energy  in  magnetic  field.  330 
Kirchofif's  laws,  138 

for  direct  currents,  471 


Lag,  angle  of,  398 

of  alternating  current,  603 
Laminating,  334 
Lap  winding  of  armatures,  407 
Lead,  angle  of,  398 

of  alternating  currents,  503 
Lead  storage  battery.  259,  260 

cells,  maintenance  and  operation,  263 
Ledanche  ceU.  233,  234 

suitability  for  light  work,  243 
types,  237 
Lelande  cells,  230.  244 
Lens's  law,  278-280 

applied  to  eddy  currents.  331,  333 
inductance,  309 
mutual  induction,  295,  297,  299 
self -inductance,  314 
self-induction,  302.  304 
Lifting  magnets.  200-205 
Light,  cauMd  by  movement  of  electrons,  1 1 

transmission  through  nther,  21 
Lightning  arrester,  327 

explained.  57 
Lines  of  force,  of  magnets,  33-35,  154 

of  variable  flux  cutting  a  conductor, 
289 
Liquids,  attractive  force  of  molecules  in,  16 

motion  of  molecules  in,  15 
Local  action,  in  primary  cells.  225 
Lodestone,  25,  26 
Long-shunt  field  connection,  380 

M 

Magnet  coil,  see  Magnet  winding. 

cores,  374 
Magnet  windings,  186-192 

ampere-turns,  changing,   186 
amount  of  heat  dissipated  by  magnet 

coil,  189 
coils  operating  on  constant  current, 

191 
constant-voltage  magnet  coil,  design, 

190 
cotton-covered,      annealed      copper 

magnet  wire,  table,  192 
design  of.  186 
effect  of  heat,  189 
heat,  relation  to  turns  in  coil,  187 
Ohm's  law,  188 
requirements,  186 
sise  of  wire.  188 
thickness  of  coUs,  190 


Magnetic  axis,  27 
Magnetic  circuit,  150-180 

calculation  of,  practical,  170 

computation  of  reluctance,  158 

computing  flux.  169 

definition,  33,  34 

difference  from  electric  circuit,  156 

difficulties  in  calculating,  173 

equations  involving  permeance,  162 

flux,  154.  155 
density,  164 

developed  by  an  air-core  helix,  177 
follows  iron,  with  turns  of  helix, 

180 
produced  by  a  helix  in  air,  176 

formulas  for  ampere-turn,  154 
for  computing  permeance,  163 
for  figuring  reluctance,  160 

gradient  or  magnetic  intensity,  164 

joint  rductance  of  magnetic  paths. 
161 

laws  of,  150 

leakage  factor,  185 

limits  of  flux  densities,  173 

line  of  force.  154 

magnetising  effect  product  of  am- 
peres and  turns,  153 

magnetomotive  force,  151 

gradients  to  produce  flux  densities, 
167 

of  an  air-core  helix,  179 

Ohm's  law  of,  156 

permeability,  162 
of  iron,  167 

I>ermeance,  161 

practical  design  of,  170 

properties  of  iron  and  steel,  table, 
166 

relations  between  flux  density,  mag- 
netic gradient,  and  permeability, 
173 

reluctance,  150,  155 

reluctivity,  158 

saturation  of  iron,  164 
point,  165 

significance  of  m.m.f.  gradient,  174 

unit  of  m.m.f.,  152 
of  reluctance,  155 

working  formulas,  168 
Magnetic  field.  35 

about  a  conducUng  loop,  145 
a  straight  wire.  140,  142 

correct  conception,  142 

created  by  electric  currents.  66 

energy  stored  in,  330 

flux.  43 

methods  of  producing,  373 

of  a  helix,  146 

produced  by  current  electricity,  140 

proof  of.  141 

rules  for  direction  about  a  straight 
wire,  142 
Magnetic  flux,  e.m.f .  generated  by,  82 
force,  laws  of,  47 
gradient  relation  to  flux  density   and 

permeability,  173 
induction,  37 
intensity,  44.  164 
Magnetic  leakage.  181-185 

computation  of,  184 

difficulty  in  calculating  circuits.  173 

due  to  lack  of  insulators,  181 

example  of,  181 

in  a  transformer,  613 

leakage   factor   of   a   magnetic   cir- 
cuit, 185 
factor  values,  185 

method  of  eliminating,  182 
Magnetic  meridian,  29 
Magnetic  saturation,  164 
spectrum,  32,  140 
substances.  26 
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Magnetic  traction,  106,  107,  200-205 

design  of  lifting  magnet.  202,  203.  204 
flux  densities  in  cireuits  of   lifting 

magnets,   203 
types  of  lifting  magnets.  201 
Magnetic  tranaparenoy.  31 
Magnetism,  25-62 

ageing  of  magnet  steel,  60 

attraction  explained,  39 

caused  by  rotation  of  magneU,  25 

classes  of  magnets,  25 

compass,  26,  28,  20 

consequent  poles,  41 

declination  of  compass  needle,  30 

diamagnetism,  49 

electron  theory  of,  25.  149 

field  distortion,  37 

intensity,  44 
flux  density,  44 

of  magnetic  field,  43 
gauss  defined,  46 
hysteresis  explained.  206 
induction,  magnetic,  37 
laws  of  magnetic  force,  47,  48 
lifting  power  of  permanent  magnet,  52 
lines  offeree,  33,  34,  35 
magnetic  circuit,  33,  34 

field,  35 
magnetisation  caused  by  earth's  induc- 
tion, 40 
explained,  42 
maxwell  defined,  43,  154 
measuring  amount  of,  35 
meridian,  magnetic,  29 
molecular  theory,  42 
nature  of,  25 

paramagnetic  subetancc,  40 
permeance.  37 
relation  to  electricity,  260 
repulsion  explained,  39 
rctentivity  defined,  51 
total  induction,  43 
transparency,  magnetic,  31 
uniform  magnetisation,  43 
Magnetite,  20 
Magnetisation^  explanation,  42 

sraphs  of  iron  and  steel.  165 
Magneto  generator,  368 
Magnetomotive  force,  151 

gradients  required   to  produce   flux 

densities,  167 
significance  of  gradient,  174 
unit  is  ampere-turn,  152 
Magnetomotive  gradient,  44 
Magneto,  artificial,  26 
clatMes  of,  25 
compound,  50 
definition,  25 

earth's  magnetic  attraction,  30 
field,  373 
lifting  power,  52 

types  of,  201 
lines  of  force,  32  ^5 
natural,  25,  26 

neutralising  effect  of  unlike  poles,  20 
permanent,  how  to  make,  40 

in  a  telephone  receiver,  106 
poles,  27 
ring,  36 

weakened  by  use,  50 
See  al»o  Electromagnets. 
Matter,    arrangement    of    molecules    and 
atoms  in,  20 
states  of,  15 
structure  of,  1,  14 
Maxwell  defined,  43,  154 
Maxwell's  laws,  144 

applied  to  operation  of  motor.  436 
Measuring  conductors  by  mila,  98 

wire,  98 
Mechanical  depolarisation,  228 
loss  in  a  generator,  418 
41 


Medical  induction  coils,  334 
Megaline,  155 
Megohm,  90,  92 

Metals,  computation  of  resistance  of,  101 
hysterotio  constants,  207 
resistanoe  affected  by  heat,  103 
resistivities,  table,  100 
temperature  coefficients,  table.  104 
values  of  e.m.f.  by  contact,  table,  212 
Mho  defined,  91 
Microhm,  90 
Micrometers,  98 
Mil,  circular,  98 

reducing  formulas,  99 
square,  09 
Mil-foot  circular,  90 
Millikan.  Robert  S.,  reference,  2,  8 
Millivolt  defined,  82 
Molecular  structure  of  matter,  14 

theory  of  magnetism,  43 
Molecules,  attractive  force  in  solids,  liquids, 
and  gases.  16 
Avogadro's  law,  17 
chemical  change,  effect  of,  18,  19 
composed  of  atoms,  11,  13 
contents  of  gases,  17 
definition,  2,  12 
difference  from  atoms,  18 
distances  vary  with  expansion  of  sub- 
stance,    18 
effect  of  heat,  14 
magnetic  quality,  149 
motion  in  solids,  liquids,  and  gas,  1 5 
physical  change,  effect  of,  18 
shape  of,  12 
size  of,  5,  13 
Mosley,  20 

Motor  power,  direct-current.  466-460 
commercial  voltages,  466 
computing   horse  power  on  basis  of 

torque  and  speed,  468 
power  input,    current   or   impressed 

voltage,  466 
rating  of  a  motor,  466 
relations  between  input,  output,  effi- 
ciency, etc.,  of  a  motor,  467 
Motor  principles,  direct  current,  431-^48 
armature  reaction,  445 
calculating  speed  regulation,  448 
com  mutating  poles  insure  sparkless 

commutation,  445 
commutation,  444 

constructional  details  same  as  gen- 
erators, 436 
counter  e.m.f.,  438,  430 

compared  with  that  in  generator, 

direction  of  rotation,  of  flux,  and  of 

e.m.f.,  443 
effect  of  counter 'e.m.f.,  489 
force  on  conductor  in  magnetic  field, 

formula,  437 
formulas  of  counter  e.m.f.,  442 
function  of  a  starting  resistance,  440 
impressed  e.m.f.,  443 
power  developed,  442,  443 
principle  of  operation,  432 
relations  between  counter  e.m.f.  and 

power  developed,  442 
rotation  and  method  of  reversing  di- 
rection, 443 
speed,  441 

characteristics,  447 
regulation  and  speed  control,  448 
torque  classification  of  loads,  447 
torque   exerted    by   conductors   on 

motor  armature,  438 
tjrpes,  447 
Motors,    compound-wound,  direct-current, 
463-465 
characteristics,  463 
cumulative-compound  motor,  464 
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Motors,  compound-wound,  di£ferential-oom- 
pound  motor,  464 
starting  and  oontrolt  465 
Motors,  direct-current,  ooDTeraion  of  electri- 
cal into  meonanioal  energy,  431 
principle  of  operation,  386,  432 
electric,  definition,  431 
electromagnets  in  field  ooils,  103 
impedance,  664 
ratiiu  in  kilowatts  and  horse  power, 

Motors,  series,  460-463 

applications  of,  461 
characteristics.  460 

compared  with  shunt,  461 
series-parallel  oar  control,  462 
speed,  460 

control,  462 
starting.  461 
torque,  460 

used  for  driving  electric  cars,  462 
Motors,  shunt,  44&-459 

armature  control  of  speed,  464 
characteristics  compared  with  series, 

461 
field  control  of  speed,  452,  453 
no-field  release  aevice,  458 
no-voltage  release  device,  458 
objections  to  armature  control,  454 
operation  in  starting,  457 
overload,  release  on  starting  rheostat, 

458 
resbtanoe  in  series  with  armature,  in 

starting,  455 
speed  control,  452-454 

regulation,  automatic,  450,  451 
variation  by  field  control,  453 
starting  rheostat,  456 
stopping,  457 
Motors,  synchronous,  principle  of  operation, 

289 
Multiple  cirouitS|  132 
Multiple-series  circuit,  137 
Multipolar  direct-current  generators,  403 
Mutual  inductance,  313.  828 
Mutual  induction,  203-301 

automobile  ignition  system,  301 
between     parallel      circuits,     trans- 
position, 200 
two  concentric  coils,  204 
two  parallel  conductors,  209 
circuits  mutually  inductive,  200 
definition,  203 
flux   of   primarv   coil  cuts  turns  of 

secondary  coil,  205 
in  telephone  circuits,  200,  300 
induction  coils,  300 
occurrence   when  primary  circuit  is 

opened,  207 
primary  and  secondary  coils  and  cir- 
cuits, 203 
principles,  203 
Ruhmkorff  coils,  300 
transposition.  300 


N 


Natural  magnets,  25.  26 
Negative  direction  of  currents,  75 

electricity,   particles   called   electrons, 
1.2 

electrification,  23 
Neutral  plane  through  an  armature,  304 
Neutralising  effect  of  poles  of  a  magnet,  20 
Nickel-iron  storage  ceU,  260-262,  263 
No-field    and    no-voltage   release   devices, 

458 
Non-inductive  circuit,  305 

coil,  305 
North  pole  of  magnets,  2S 
Northern  lights,  04 
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Ohm,  definition,  87,  00 
Ohm^s  law,  03 

application,  05 

applied  to  alternating-current  circuits, 
533 
alternatiitg  currents,  470 
calculating  wire  sisee,  135 
cells  in  sttiee,  240 
current  determined  by  resistance  of 

circuit,  280 
current  forced  by  e.m.f.,  276 
in  armature.  415,  430 
in  field  winding,  378 
output  of  battery,  247,  250 
eleotnc  current,  128 
e.m.f.  and  resistance  of  the  circuit, 

565 
e.m.f.  impressed  on  electric  circuit, 
276 
current  computed  by,  245 
equations,  04 

KjrchoiT's  laws  derived  from,  138 
magnet  coil,  188 
magnetic  circuit,  156,  201 
modified  for  alternating  currents,  05 
stated  for  unit  magnetic  path,  174 
unit  conductor,  111 

variation  of  e.m.f.  and  current,  355,  357 
Operation  of  electric  motor,  432 
Oscillatory  current,  74 
Output  defined,  123 

of  direct-current  generator,  410,  420 
Over-compounded  generator,  428 


Parallel  circuits,  132 
current,  130 
resistance,  136 
grouping  of  cells,  240 
-series,  240 
circuit,  137 
Paramagnetic  substance,  49 
Pasted  type  of  plate,  260-202 
Peltier  effect,  216 
Perm,  161 

unit  of  inductance,  311 
Permanent  magnets,  25 
how  to  make,  40 
lifting  power,  52 
Permeability,  absolute  and  relative,  162 
defined,  162 
of  iron,  167 

relation  to  flux  density  and  magnetic 
gradient,  173 
Permeance,  computing  formulas,  163 
definition,  37,  161 
effect  on  inductance,  320 
equations  involving,  162 
of  iron  and  steel,  101 
Permittance  or  capacity,  545-558 

computing  counter  e.m.f.,  554 
counter  e.m.f.  and  impressed  e.mf., 
553 
exerted  by  permittance,  551 
effect  compared  with  inductance.ooo 
in  alternating-current  circuits,  540 
in  low-voltage  circuits,  548 
on  current  and  impressed  e.m.f., 

556 
on  power  loss  in  circuit,  557 
with  alternating  currents,  470 
with   resistance,   on   current   and 
impressed  c.m.fs.,  557 
hydraulic  analogy,  548 
inductance  and  permittance  effects, 
646 
measured  in  farads,  558 
Permittive  reactance,  555 
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Phase  diagrams,  506 

on  alternating  current,  472 
Phenomena,  eleotrioal,  3,  6,  19 
Physioal  change.  18 
PUstA  typ   oTplate.  260-262 
PUte.  of  a  primary  cell,  210 
Plunge  batteries.  235,  244 
Polanty  defined,  62 

determined  by  evolution  of  hydrogen, 

139 
rule  for  determining,  of  a  helix,  148 
Polarisation  in  a  primary  cell,  227 
•  Pole  shoes,  376 
Poles,  consequent,  41 
of  a  magnet,  27 
of  primary  cell,  219 
Polsrphase  circuits  and  systems,  581-603 

commercial   methods   of   connecting 

phase  windings,  585 
connecting   windings   of  three-phase 

venerators,  592 
definition,  581 

delta-connected  circuit,  power  devel- 
oped in,  600 
delta  connection  of  phase  windings  or 

coils.  599 
hydraulic     analogy  ^  of    three-phase 
generator  and  circuit,  591 
of  two-phase,  four-wire  alternating- 
current   generator   and   circuit, 
584 
line  e.m.f.  in  y-connected  circuit,  597 
neutral  wire  of  K-conneotion,  595 
power  in  K-connected  circuit,  599 
principle  of   three-phase  generator, 

589 
production  of  two-phase  e.m.f.,  581 
relations  between  power,  current,  vol- 
tage, and  power-factor,  587 
revolving-armature,  three-phase  gen- 
erators, 590 
two-phase  generator,  582 
revolving-field,  three-phase  generator, 
591 
two-phase  generators,  683 
single-phase    e.m.f.,   production    of, 

682 
three-phase  defined,  588 
e.m.f..  588.  589 
four-wire  system,  601 
systems,  application.  601,  603 
power  and  voltage  relations,  601 
three-phase  vectors  convention,  593 
two-pnase  or  quarter-phase,  581 
voltage  and  current  relations  in  delta- 
connected  circuit,  600 
in  star-  or  K-conneoted  circuit,  596 
in  two-i)hase  systems,  586,  586 
F-connection  of  phase  windings,  594 
Portative  force  of  electromagnets,  196,  197, 
200 
of  magnets,  52 
Positive  direction  of  currents,  75 

electricity,  in  nucleus  of  atom,  3,  7,  8 
electrification.  23 
Potential,  definition,  60 

difference  from  voltage,  83 
drop  of,  defined,  83 

maintenance  of,  between  plates  of  cell, 
t  221 

.Potential  difference  defined,  83 
Pounds-feet,  119 
Power,  definition,  112 

determining  in  a  K-oonnected  circuit, 

599 
electric,  113 
equivalent  values  expressed  in  various 

units,  115 
horse  power,  113 

hydraulic  analogy  of  electrical,  114 
Power  in  alternating-current  circuits,  567  - 
580 


Power  in  alternating-current  circuits,  com- 
bined inductance  and  permittance. 
580 
computation  of  power  taken  by  in- 
ductive circuit,  571 
current  •  in    phase    with    impressed 
6.m.f..  567 
not  in  phase  with  impressed  e.m.f., 

KAA 

determination  of  power-factor  of  a 

circuit.  677 
effect  of  low  power-factor,  576 
formulas  for  power-factor,  673 
hydraulic    analogies    to    effect    of 

inductance,  580 
laws  of  determination,  567 
leading   and   lagging  power-factors. 

580  .       .^^ 

low  power-factor,  correcting,  677 
permittance  or  capacitance,  580 
power-factor,  573  , 

of  wholly  inductive  circuit,  575 
product  of  available  e.m.f.  times  cur- 
rent, 570 
true  and  apparent,  power  and  watts. 

578 
vector  diagram  of  true  and  apparent 

power,  577 
wattless  current,  575 
Power  in  electrical  direct-current  circuits,  1 15 
loss  in  a  conductor,  117 
motor,  466-469 
Primary  cells,  217-230 

amalgamation,  226 

applications    of   series   and   parallel 

grouping  of  cells,  249 
arrangement  in  battery  affects  cui^ 

rent  output.  246 
bichromate  cells,  234,  235.  236,  244 
Bunsen  cells,  236 
carbon-ojrlinder  cell,  233,  243 
characteristics,  table,  232 
chemic^  action  in,  221 
chromic  acid  cells,  235 

solution,  236 
CUrk  sUndard  cell,  243 
components  of,  219 
computing  current  produced  by,  245 
cost  of  electrical  energy  generated 

with,  244 
current  output  with  varied  arrange- 
ments of  cells.  246,  247,  249 
DanieU  cell,  240,  243, 
definition,  218 
depolariser,  227 
determination  .of  internal  resistance, 

229,  230 
distinguished  from  secondary,  219 
dry  cdls,  239 

Ediaon-Lelande  cell,  239,  244 
electrochemical      equivalents,     and 

table,  224,  225 
electrolyte,  220 

e.m.f.  affected  by  polarisation,  227 
electron-theory  explanation  of  action, 

222 
electropoian  solution,  230 
essentially  a  storage  cell,  256 
Fuller  cell,  234 
function,  220 

functions  of  components,  220 
generators  of  electrical  energy,  244 

Savity  or  Crowfoot  cell,  ,241 , 
renet  cell,  235 
Grove  ceUs,  236 
hydraulic  analogy  to  cells  in  series, 

and  parallel,  246,  247 
internal  resistance,  228 

drop,  229 
laws  of  chemical  action,  223 
I^eclanche  cells,  233,  234.  237,  243 
local  action,  225 
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Primary  colls,  maintenanoe  of  e.m.f .  between 
plates,  221 

plunse  batteries.  235,  244 

polansation,  227 

poles  and  plates.  210 

seat  of  energy  development,  '220 

selection  of  cells  for  given  servicefl. 
243 

Smee  cell,  231 

standard  cells.  242 

symbol,  221 

transform    chemical    into   electrical 
energy.  220 

tjrpes  ana  connections,  231-250 

t3rpical  operation,  222 

voltage,  221 

wasteless  sines.  242 

Weston  standard  cell.  243 
Primary  coils  and  circuits,  293 
Prony  brake,  formula  explained,  121 

for  h.p.  test  on  electric  motor,  468 
Pulsating  current,  74 
Pyrometer,  216 

Q 

Quadrivalent  elements,  12 
Quarter-phase  circuits,  581 

R 

Radioactive  substances,  definition,  4 
Rating  motors  in  kilowatts  and  horse  power, 
118 
of  a  direct-current  generator,  417 
of  a  motor,  466 
Reactance  and  impedance,  633-544 

application  of  Ohm's  law  to  alternat- 
ing-current circuits.  533 
impedance  defined,  539 
impressed  e.m.f.  to  neutralize  counter 

e.m.f.,  536 
inductive  reactance,  537 
relations  of  e.m.f s.  and  components, 

541 
value  of  impedance,  539 
voltage  and  current  relations  with  dif- 
ferent resistance  and  inductance, 
542 
Reactance  coib,  326 
of  a  circuit,  550 
permittive,  555 
Rectification.  357 
Regulator,  induction,  621 
Rel,  unit  of  reluctance,  165 
Reluctance,  computation  of,  158 
defined,  155 

formulas  for  figuring,  160 
joint,  of  magnetic  paths,  161 
not  constant,  156 
of  magnetic  circuit,  150 
unit,  165 
Reluctivity,  158 
Repulsion,  magnetic,  39 
Residual  magnetism,  377 
Resistance,  81-111 

alloys  as  conductors,  104 
armature,  413 
computation,  100 

for  non-circular  conductors,  102 
contact,  110 

copper  conductors,  formula,  105 
current  densities  for  contacts,  110 
effect  of  heat  on  metals,  103 
electrical,  89 
energy,  564,  566 

formulas  of  circular  conductors,  101 
In  alternating-current  circuits,  519 
internal,  of  a  cell,  228 
of  a  series  circuit,  132 
of  conductors  at  any  temperature,  104 
of  different  materials,  91 
of  divided  circuit,  computing,  136 


Resistance  of  parallel  conductors,  136 

proportional  to  what,  93 

starting,  in  a  motor,  440 

table  for  copper  wire,  108 

of  values  of  insulating  materialH,  O'J 

temperature  coeflScient,  103,  104 
Resistivity.  90 

of  metals,  99 

table  for  conductors,  100 
Resistor,  defined,  89 

field-discharge,  306 

inductive-discharge,  306 
Resonance,  560 

Retentivity  of  magnetic  substances,  51 
Revolving-armature  alternators,  481 

three-phase  generators,  590 

two-pnase  generators,  582 
Revolving-field,  three-phase  generators,  o 

two-phase  generators,  583 
Rheostat  defined,  89 

overload,  release  on  a  starting,  458 

starting  ffor  shunt  motor,  456 
Ring  magnet,  36 
Ring-wound  armatures,  386,  387 
Rotary  eonverters,  286 
Rotation,  positive  and  negative,  350 
Ruhmkorff  coils,  300 

S 

Saturation,  magnetic,  of  iron,  164 
point,  165 
of  iron,  321 
Secondary  cell,  219,  255 

coils  and  circuits,  293 
Self-inductance.  314^27 

amount   ot,   affects   value   of   curror 

graph,  820,  821 
computation,  of  a  coil  with  air  coi 
324 
of  counter  e.m.f.  of  self-induction,  3^ 
computing,  formulas,  323 

of  two-wire  transmission  line,  325 
rate  of  increase  of  current  in  circu 
319 
decrease  of  current  in  a  circuit,  grai 

and  table,  317,  318 
decreased  as  legs  of  circuit  arc  broug 

together,  325 
definition,  314 
effect  on  current  in  a  circuit,  graphs  ai 

tables,  315-319 
increase  of  current  in  an  inductive  c; 

ouit,  graph  and  table,  316,  317 
induced  e.m.f.  greater  in  opened  circu 

320 
methods  of  determining,  313 
of  straight  conductor,  324 
same  as  permeance  of  a  circuit,  31 1 
table  of  inductance  values,  314 
Self-induction,  802,  308 

coefficient  of  self-induction,  314 

definition,  302 

direction  of  e.m.f.  induced  when  a  c; 

cuit  is  opened,  307 
elimination  of,  304 
in  a  coil,  303 
inductive-dbcharge  resistor  to  dissipa 

currents,  306 
of  a  straight  wire,  302 
spark  coils,  305 
Scries  circuit,  130  i 

current  in,  131 
voltage  of,  130 
generator,  characteristics,  424 
group  of  cells,  249 
multiple  circuit,  138 
parallel.  249  i 

circuit.  138  i 

wound  generators,  378 
Shocking  ooils,  334  I 

Short-shunt  field  connection,  380  i 
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Shunt  circuits.  132 
motor,  449-459 
-wound  generators.  378 
charaoteristics,  423 
Sine  curve,  79,  342 

or  Binusoid.  346 
definition,  345 
graphs,  510 
waves,  352 
Single-fluid  theory  of  electricity,  55 

-phase  generators,  502 
Sinusoid,  346 

Sise  of  atoms  and  electrons,  10 
of  electrons  and  molecules,  5 
of  molecules.  13 
Skin  effect,  530 
Smee  cells,  231 
Solenoid  defined,  146 
polarity  of,  148 
properties  of.  148 
Solids,  attractive  force  of  molecules  in,  1 6 

motion  of  molecules  in,  15 
South  pole  of  magnets,  28 
Southern  lights,  64 
Spark  coils,  305 
Sparking  at  the  commutator.  416 

during  commutation,  401 
Specific  resistance  of  metals,  99 
Spectrum,  magnetic,  32,  140 
Square  mil,  99 
'tandard  cells,  242 
■states  of  matter,  15-17 
Static  electricity,  generation,  82 
Steel,  magnet,  ageing  of,  50 
See  also  Iron  and  steel. 
Storage  batteries,  255-268 
applications  of,  265 
capacity  of  storage  cell  or  battery, 

259 
charging,  264,  265 

a  cell.  256 
discharging  a  cell,  256 
distinguishing  electrodes  of  lead  stor^ 

age  cells.  262 
Edison  battery,  259.  263 

storage  cell,  257,  263 
efficiency  of  a  storage  cell,  258 
energy  not  electricity  stored,  256 
Faure  or  pasted  type  of  plate,  260- 

262 
for  carrying  entire  load  at  times,  268 
for  laboratory  and  testing  work,  268 
for  peak  loads,  266 
graphs  of  storage  cells,  257 
maintenance  and   operation  of  lead 

storage  cells,  263 
on  systems  having  fluctuating  loads, 

266 
Plants  or  formed  type  of  plate,  260- 

"262 
principY^vi  storage  cell,  257 
storage  or  secondary  cell.  2,'>5 
unit  of  capacity  of  storage  cell,  259 
voltage  of  storage  cell,  259 
voltages,  high,  how  obtained,  260 
Itornge  cell,  255. 

See  cdso  Storage  batteries, 
train,  definition  or,  21 
tress,  definition  of,  21 
uBceptance.  559 
witches,  field-discharge,  306 
ystems,  polyphase,  581-603 

three-phase,  four- wire,  601-603 
three-wire,  624-632 


'elegraph,  application  of  electromagnet.  194 

Vlcphone  generator,  481 

mutual  induction  in  circuits.  299,  300 
receiver,  electromagnet  in,  195 
permanent  magnets  in,  196 


Temperature  coefficient  of  resistance,  103, 
104 
table  for  copper,  106 
rises  in  eleotiioal  machinery.  417 
Terminal  e.m.f.  of  a  generator,  414 
of  primary  cell,  219 
positive  and  negative  defined,  62 
Ther mo-bolometer,  215 
-couple,  215 
-electric  couple.  215 
currents,  215 
pile,  215 
-electromotive  force,  215 
-pile,  215 
Thermometer  scales,  102 
Thompson  efifect,  216 
Thompson,  Sir  William,  216 
Three-wire  distribution  and  systems,  624- 
632 
balance,  and  neutral  wire,  629 
commercial,  625 
copper  required,  626-628 
general  arrangement  of  feeders  and 

mains,  632 
ground  on  outer  wire,  631 
hvdraulic  analogy,  628 
obtaining  three-wire  voltages.  630 
open  in  outer  wire,  631 
open  neutral  wire,  631 
principle,  624 
reason  of  use,  624 
reversal  of  generators,  631 
unbalance,  629 
Time  instant  of  alternating  current,  473 
Toroid  defined,  146 
Torque,  definition,  119 

exerted  on  motor  armature,  438 
Total  induction.  43 
Traction,  magnetic,  196,  200-205 
Transformers,  604-623 
auto-transformer,  620 
booster,  621  « 

change   in   flux   and   primary   counter 

e.m.f.,  608 
connecting  of,  619 
constant-current  regulating,  622 
cooling  of,  616  , 

copper  loss,  616 
core-type  and  shell-type,  613 
counter  e.m.f.,  612 
current  and  voltage,  605 

applications,  618 
designing,  612 
determining  iron  losses,  616 
distributing,  619 
efficiencies,  616 
electric  welder,  623 

essential  in  transmission  of  ener^,  604 
for  series-incandescent-lighting  circuits, 

618 
impedance,  564 
induction  furnace,  623 

regulator,  621 
iron  core,  605 
losses  in  cores,  614 
magnetic  leakage,  minimising,  613 
operation  of  voltage  transformers,  606 
parts,  605 

power,  current,  voltage,  and  power-fac- 
tor relations  in  windings,  610 
ratio,  or  turn  ratio,  610 
ratios  of  turns  and  voltages,  608 
stationary,  604 
theory  of  operation,  606 
three-phase,  616 

variation  in  current,  equation,  612 
voltai^e  transformers,  operation.  606 
Transmission  of  electrical  energy,  59 
Trivalent  elements,  12 
Turn,  definition,  151 
Twisted  pair  wire,  300 
Two-phase  circuits,  581 
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Unit,  British  thermal,  119 

of  alternating  ourrent,  477 

of  oonduotort,  00 

of  electric  current,  87 
power,  113 

of  e.m.f.,  87 

of  inductance,  309 

of  m.m.f .,  152 

of  permittance  and  elastance,  558 

of  reluctance.  155 

of  storage-cell  capacity,  250 
Univalent  element,  12 


Valency  of  atom,  definition,  12 
Values,  alternating-current,  512-518 
Vanadium,  atomic  weight,  10 
Vector  diagrams,  505,  506 

of  true  and  apparent  power,  577 
Vectors,  alternating-current,  503 
lag  and  lead  defined,  503 
reference  lines  in  diagrams,  505 
resolution  of  alternating  e.m.f.  into 

components,  508.  509 
rotation,  504 
sine  graphs,  510 
vector  defined,  504 
See  <Uao  Alternating-current  values. 
Volt  defined.  81.  82 

di£Ference  from  ampere,  87 
Voltage.  67    . 

amount  needed  for  different  purposes, 

82 
changes  produce  inductance  effects,  545 
commercial  for  direct-current  motors, 

466 
"control,"  of  generators,  429 
definition,  81 
difference  from  potential,  83 


Voltage,  establishment  necessary  to  generate 
energy.  126 

faotort,  in  generators,  364 

gradient.  110,  111 

of  parallel  circuit,  135 

of  prinary  cell,  221 

of  series  circuit,  130 

of  storage  cell,  250 

operating,  for  electromagnets,  202 

regulation,  of  a  generator,  420 

relation  to  current,  with  different  reslBt-l 
ance  and  inductance.  542 
Voltaic  cell,  218.  210  ! 

Volts  drop,  definition,  83 

W 

Wasteless  sines  for  gravity  cells,  242 
Water,  sise  of  molecules  in,  13 

states  of  matter  illustrated  by,  16 
Watt,  definition,  113 

equations,  117 

-hour.  119 

true  and  apparent,  578 
Wattless  current,  575 
Wave  windings  of  armatures,  407,  408 
Weston  atondard  cell,  243 
Winding  pitch,  on  armatures,  407 
Windings,  armature,  407.  408 

magnet,  186 
Wire  gages,  97 
Work,  definition,  112 


Y-conneoted  circuit,  594-599 


Zinc,  atomic  weight,  10 

wasteless,  for  gravity  cells,  242 
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TRIGONOMETRIC  FUNCTIONS 

or       ^i°  ^^.  *"" 

Cos  or                         Angle  tf> 
power          Tan         .  or  lag 

Sin  or  in- 

Cos or 

ngl*          'iuction 

duction 

power 

Tan 

*^  **           factor 

factor 

1 
.000 

angle 

factor 

1     factor 

.000 

1.000 

.017 

.999 

.017    , 

46 

.719 

.695 

"l.CM 

,      .035 

.999      .035            47 

.731 

I      .682 

1.07 

.052 

.999      .052            48 

.743 

.669 

1.11 

.070 

.998  j    .070            49 

.755 

.656 

1.15 

1      .087 

.996 

.087            50 

.766 

!      .643 

1.19 

.105 

.995 

. 105            51 

.777 

1      .629 

1.23 

.122 

.993 

. 123            52 

.788 

.616 

1.28 

.139 

.990 

.141     1        53 

.799 

.602 

1.33 

.15() 

.988 

.158    ;        54 

.809 

.588 

1.38 

.174 

.985 

. 176            55 

.819 

.574 

1  43 

.191 

.982 

. 194     ,       56 

.829 

.559 

1.48 

.208 

.978 

.213            57. 

.839 

.545 

1.54 

.225 

.974 

.231     :|       58 

.848 

.530 

1.60 

.242 

.970 

.249    |.      59 

.857 

.515 

1.66 

.259 

.966 

.268     ,       60 

.866 

,      .500 

1.73 

.276 

.961 

.287     1       61 

.875 

1      .485 

1.80 

.292 

.956 

.306     :       62 

.833 

i      .469 

1.88 

.309 

.951 

.325     j       63 

.891 

.454 

1.96 

.326 

.946 

.344            64 

.898 

'      .438 

2.05 

.342 

.940 

.364     1        65 

.906 

1      .423 

2.14 

.358 

.934 

.384     1       66 

.914 

1      .407 

2.25 

.375 

.-927 

.404     ,       67 

.921 

.391 

2.36 

.391 

.921 

.424    ||       68 

927 

.375 

2.48       ' 

.407 

.914 

.445     1       69 

.934 

.358 

2.61 

.423 

.906 

.466            70 

.940 

1      .342 

2.75 

.438 

.898 

.488    'i       71 

.946 

;      .326 

2.90 

.454 

.891 

.510            72 

.951 

.309 

3.08 

.469 

.883 

.532    1,       73 

.956 

.292 

3.27 

.485 

.875 

.554     1       74 

.961 

;      .276 

3.49 

.500 

.866 

.577     1       75 

.966 

1      .259 

3.73 

.515 

.857 

.601     ii       76 

.970 

.242- 

4.01 

.530 

.848 

.625     ;       77 

.974 

1      .225 

4.33 

.545 

.839 

.649            78 

.978 

!      .208 

4.70 

.559 

.829 

.675 

79 

.982 

i      .191 

5.14 

.574 

.819 

.700 

80 

.985 

.174 

5.67 

.588 

.809 

.727 

81 

.988 

.156 

6.31 

1      .602 

.799 

.754    , 

82 

.990 

.139 

7.12 

.616 

.788 

.781 

83 

.993 

,      .  122 

8.14 

.629 

.777 

.810 

84 

.995 

'      .105 

9.51 

.643 

.766 

.839    1 

85 

.996 

t      .087 

11.43 

.656 

.755 

.869    1 

86 

.998 

1      .070 

14.30 

.669 

.743 

.900 

87 

.999 

1      .052 

19.08 

.682 

.731 

.933    ' 

88 
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